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SECTION  I 


INTRODUCTION 

In  direct  contrast  to  manned  aircraft,  which  tend  to  be 
gross-weight  limited,  the  development  of  air-breathing  missiles 
has  volume  as  a  salient  design  criterion.  Therefore,  it  is 
essential  that  missile  systems  utilize  a  fuel  that  maximizes 
energy  content  per  unit  volume,  resulting  in  minimum  volume  fuel 
tanks  and  maximum  range  payoffs.  The  development  of  carbon- 
slurry  fuels  by  the  chemical  industry  offers  a  high  potential  for 
meeting  the  design  and  mission  objectives  for  advanced  missile 
applications.  However,  the  anticipated  physical  characteristics 
of  these  fuels,  as  well  as  combustion-related  characteristics, 
present  particular  design  and  development  constraints  for  the 
airframe/engine  fuel  system  and  combustion  system.  The  develop¬ 
ment  of  carbon-slurry  fuel  blends  and  a  combustion  system  along 
with  interfacing  engine  and  airframe  components  must  be  coor¬ 
dinated.  In  many  cases,  these  tasks  must  be  conducted  in 
parallel  in  order  to  meet  time  constraints  for  missile  develop¬ 
ment.  The  major  development  areas  that  must  be  addressed  are 
(1)  formulation  of  a  stable,  workable  and  high-heat  release 
carbon-slurry  fuel,  (2)  development  of  engine-related  control, 
fuel  pumping,  fuel  metering,  fuel  atomization  and  combustion 
systems,  and  (3)  development  of  airframe-related  flight  data 
logic,  fuel  tankage,  and  fuel  boost  system.  Figure  1  presents 
the  major  consideration  for  each  development  area  that  must  be 
addressed  to  develop  a  compatible  fuel  and  missile  system.  Note 
that  combustion  system  development  and  fuel  injector  development, 
while  usually  considered  one  major  area,  are  separated  because  of 
the  importance  that  must  be  placed  on  the  injector  development 
with  the  conditions  expected  as  a  result  of  the  physical  proper¬ 
ties  of  carbon-slurry  fuels. 
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Figure  1. 


Flow  Diagram  for  Full-Scale  Combustion  System 
Development  for  Operation  of  Carbon-Slurry  Fuel. 
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The  program  covered  in  this  report  was  a  five-month  techni¬ 
cal  effort  conceived  as  a  preliminary  step  prior  to  embarking  on 
a  full-scale  carbon-slurry  fuel  development  program.  The  primary 
objectives  of  the  program  effort  were  to  establish  the  combusti¬ 
bility  of  a  representative  carbon-slurry  fuel  in  a  turbine  engine 
environment  and  to  determine  the  major  combustion-related  devel¬ 
opment  areas  that  will  need  to  be  addressed  under  full-scale 
development  programs.  The  emphasis  was  on  obtaining  combustion 
data  with  fuel  development  support  as  necessary  to  ensure  com¬ 
bustibility.  As  such,  the  fuel  formulations  tested  were  as 
representative  as  possible  with  current  technology  due  to  the 
limited  time  available.  However,  some  fuel  and  combustion  itera¬ 
tive  development  was  conducted  to  provide  advancements  in  the 
fuel  state-of-the-art  while  establishing  combustion  criteria. 


SECTION  II 


SUMMARY  AND  CONCLUSIONS 

The  carbon-slurry  fuel  evaluation  program  required  demon¬ 
strating  the  feasibility  of  running  a  currently  available  carbon- 
slurry  fuel  in  a  turbine  rig  and  engine  in  addition  to  establish¬ 
ing  preliminary  design  criteria  for  operating  on  carbon-slurry 
fuels.  The  effort  consisted  of  three  major  interrelated  tasks: 
fuel  development  and  manufacture,  fuel  droplet  measurements,  and 
combustion  evaluation.  The  fuel  development  and  manufacture  was 
conducted  under  subcontract  to  Suntech,  Inc.  The  fuel  droplet 
measurement  evaluation  was  conducted  under  subcontract  to  Penn¬ 
sylvania  State  University.  The  combustion  evaluation  tasks  were 
conducted  at  Garrett-AiResearch .  The  time  constraints  imposed  by 
the  five-month  period  of  performance  for  the  program  dictated 
that  essentially  state-of-the-art  fuel  and  combustor  hardware  be 
used  for  the  program. 

The  primary  Suntech  fuel  development  effort  was  to  manufac¬ 
ture  and  supply  to  AiResearch  "burnable"  fuel  samples  for  com¬ 
bustion  evaluation.  Time  constraints  dictated  that  the  supplied 
samples  have  some  compromises  in  order  to  ensure  their  combusti¬ 
bility.  However,  the  intent  was  to  supply  samples  that  were  as 
representative  as  possible  with  regard  to  physical  properties 
that  can  be  expected  in  ultimate  fuel  specifications.  This 
approach  supported  the  ability  to  determine  the  preliminary  cri¬ 
teria  necessary  to  operate  a  turbine  engine  combustor  success¬ 
fully  on  carbon-slurry  fuel.  However,  some  fuel  development  was 
attained  in  the  program.  The  initial  fuel  samples  were  run  in  an 
AiResearch  atmospheric  combustion  rig,  and  the  data  from  these 
tests  was  factored  into  iterating  the  subsequent  fuel  samples. 
This  provided  for  adjustment  to  the  carbon  loading  and  the 
addition  of  a  catalyst  and  other  additives  to  improve  the  fuel 
combustibility  and  rheological  properties.  After  limited  fuel/ 
combustion  iterations,  a  slurry  formulation  (consisting  of 
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approximately  50  percent  by  weight  of  medium  thermal  (MT)  carbon 
black  in  a  JP-10  carrier  with  a  catalyst  and  additive  package  to 
promote  acceptable  rheology  stability  was  identified.  Thirty 
gallons  of  this  formulation  were  delivered  to  AiResearch  for  com¬ 
bustion  rig  and  demonstration-engine  testing. 

Suntech  conducted  a  parallel  activity  during  the  fuel  manu¬ 
facture  that  sought  to  identify  the  variables  that  would  allow  a 
stable  slurry  to  meet  the  target  specifications.  This  effort  was 
comprised  of  a  study  to  determine  the  effects  of  varying  additive 
packages  (deflocculants,  dispersants,  and  viscosity  aids)  on  fuel 
rheology  and  stability.  Several  slurry  formulations  were  studied 
and  measurements  were  obtained  on  viscosity  characteristics.  The 
study  indicated  that  for  the  substances  evaluated,  on  an  equal 
weight  basis,  the  dispersant  had  little  effect  on  the  rheological 
characteristics  of  the  fuel  while  the  deflocculants  had  the 
greatest  effect  and  the  viscosity  aids  a  secondary  effect.  More 
work  is  needed  to  optimize  the  contents  and  amounts  of  the  addi¬ 
tive  packages  and  characterize  the  fuel  samples  with  varying 
amounts  of  carbon  loadings.  In  addition,  major  efforts  will  be 
required  to  improve  the  long-term  stability  and  raise  the  heating 
value  while  maintaining  acceptable  rheological  properties. 

The  fuel  droplet  measurement  evaluation  conducted  at  Penn¬ 
sylvania  State  University  sought  to  make  a  preliminary  investiga¬ 
tion  into  the  fuel  breakdown  prior  to  combustion,  the  droplet 
behavior  in  the  combustion  process,  and  the  nature  of  the  residue 
remaining  following  combustion.  The  droplet  combustion  process 
is  fundamental  to  successful  operation  in  a  combustor  since  it 
affects  the  residence  time  requirement  and  combustion  efficiency 
in  the  combustor.  The  preliminary  work  conducted  in  this  program 
was  done  with  supported  droplets  suspended  in  a  turbulent  flame. 
The  droplets  were  considerably  larger  than  the  droplets  formed 
with  an  air  blast  fuel  nozzle  typical  of  gas  turbine  combustion 
systems,  but  the  qualitative  observations  are  considered  useful 
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for  preliminary  design  purposes.  The  phenomena  observed  con¬ 
firmed  the  theory  that  the  liquid  fuel  carrier  burns  off  quickly 
followed  by  the  reaction  of  the  carbon.  The  study  also  included 
evaluation  of  the  residue  remaining  after  combustion.  The 
effects  of  using  a  combustion  catalyst  indicated  that  a  more  com¬ 
plete  reaction  could  be  obtained  over  a  wider  burning  range. 
Future  work  will  need  to  be  conducted  to  extend  the  evaluation  to 
droplets  that  are  closer  to  the  expected  airblast  droplet  size. 
This  will  permit  quantitative  burning  rates  to  be  established 
that  will  provide  design  criteria  for  the  residence  time  and  air 
staging  requirements  for  the  gas  turbine  combustor. 

The  combustion  testing  conducted  at  AiResearch  consisted  of 
the  evaluation  of  three  slurry-fuel  samples  supplied  by  Suntech 
in  combustion  rig  and  demonstration  engine  environments.  The 
time  limitations  constrained  the  combustion  evaluation  to  only 
limited  iterative  hardware  development  on  conventional  existing 
hardware . 

The  combustion  testing  was  conducted  first  in  test  rigs,  and 
finally  in  an  AiResearch  ETJ131  Turbojet  Engine.  The  initial 
combustion  rig  testing  was  conducted  on  an  atmospheric  rig  that 
permitted  visual  inspection  of  the  combustor  flame  and  exhaust. 
Limited  fuel  and  combustion  hardware  iteration  provided  for  the 
selection  of  a  fuel  formulation  and  combustor  configuration  for 
subsequent  testing.  During  this  testing,  the  staged  burning 
nature  of  the  fuel  and  the  need  for  a  combustion  catalyst  to 
enhance  burning  were  identified.  Subsequent  rig  testing  was  in  a 
pressure  facility  that  permitted  more  quantitative  evaluations  to 
be  made.  The  combustion  system  from  the  ETJ131  demonstrator 
engine  was  utilized  for  the  pressure  rig  evaluations.  Several 
hardware  modifications  were  made  during  this  testing.  A  com¬ 
bustion  efficiency  of  92  percent  was  obtained  with  the  selected 
carbon-slurry  formulation.  Time  constraints  again  precluded 
further  modifications  to  improve  the  efficiency  but  it  could  be 
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expected  that  normal  development  could  raise  the  efficiency  to 
acceptable  levels.  Smoke  levels  were  higher  for  the  slurry  than 
JP-4  because  of  the  lower  efficiency.  There  was  no  carbon 
buildup  on  any  of  the  combustor  components  following  the  testing. 
The  final  combustor  configuration  from  the  pressure  rig  testing 
was  installed  in  the  ETJ131  Engine  for  engine  testing. 

Approximately  thirty-five  minutes  of  run  time  on  carbon- 
slurry  fuel  was  accumulated  on  the  ETJ131  Engine.  The  engine  had 
no  operational  problems,  and  no  excessive  temperature  levels  were 
noted.  The  noticeable  smoke  was  considered  to  be  due  primarily 
to  the  combustion  inefficiency,  which  could  be  reduced  through 
normal  development.  Upon  completion  of  the  testing,  no  carbon 
deposits  were  observed  on  any  of  the  engine  components. 


Based  upon  the  limited  combustion  testing  conducted  under 
this  program,  the  outlook  for  optimizing  gas  turbine  combustion 
systems  to  operate  on  carbon-slurry  fuels  is  encouraging.  Fuel 
delivery  and  control  systems  will  require  extensive  development 
to  accomodate  the  rheology  and  stability  properties  of  the  ulti¬ 
mate  specification  fuels,  especially  at  low-temperature  opera¬ 
tion.  Fuel  atomization  development  will  be  critical  to  obtain 
the  capability  of  optimum  droplet  sizes.  The  critical  combustion 
technology  requirement  will  be  to  optimize  the  combustor  aerody¬ 
namics  to  accomodate  the  dual  burning  nature  of  slurry  fuels. 
This  will  be  necessary  to  obtain  successful  complete  combustion 
of  the  carbon,  and  hence,  obtain  acceptable  combustion 
efficiencies.  Ignition  capability  with  a  carbon  slurry  will  be 
another  challenging  area  that  will  require  development, 
especially  for  airblast  fuel  injectors,  which  have  limited  atomi¬ 
zation  capability  at  starting  conditions.  All  of  the  development 
areas  identified  in  this  program  are  considered  to  be  achievable 
within  the  scope  of  a  combustion  development  program. 


SECTION  III 


TECHNICAL  DISCUSSION 


1.  Fuel  Development 

a.  Fuel  Development  Background 

The  carbon-slurry  fuel  development  and  formulation  of 
slurries  suitable  for  burning  were  conducted  under  subcontract  to 
Suntech,  Inc.  The  principle  objective  was  first,  to  supply  suf¬ 
ficient  quantities  of  a  "burnable  fuel"  for  assessing  combustion 
characteristics,  and  secondly,  to  identify  those  variables  that 
affect  slurry  viscosity,  slurry  stability,  and  the  effect  of 
catalyst  on  burning  rate.  The  time  period  in  which  the  work  was 
conducted  required  that  a  suitable,  but  not  an  optimum,  formula¬ 
tion  be  developed  rapidly  and  submitted  to  AiResearch  for  com¬ 
bustion  evaluation.  The  formulation  selected  for  the  burning 
tests  was,  therefore,  a  compromise.  It  resulted  in  a  reasonably 
stable  dispersion  of  large  particle  size  medium  thermal  (MT) 
black  in  JP-10.  The  formulation  contained  additives  to  defloccu- 
late  the  black,  stabilize  the  dispersion,  and  promote  combustion. 
The  solids  content  was  fixed  at  50  percent  by  weight  so  that 
slurry  viscosity  would  remain  under  50  centipoises.  Even  at  this 
concentration,  the  targeted  180,000  Btu/gallon  was  not  obtained. 

Parallel  slurry  development  work  was  conducted  to  identify 
the  fuel  formulation  variables  that  would  allow  a  stable  com¬ 
bustible  slurry  to  be  achieved  that  meets  the  target  heat  con¬ 
tent  . 


b.  Slurry  Formulation,  Preparation,  and  Characterization 


(1)  Slurry  Formulation 


The  slurries  were  prepared  by  dispersing  medium  thermal  (MT) 
black  in  JP-10,  exo-tetrahydrodi (cyclopentadiene) .  Carbon  black 
was  supplied  by  the  Huber  Corporation,  and  JP-10  was  manufactured 
by  Suntech.  Carbon  blacks  are  highly  agglomerated  and  sur¬ 
factants  are  required  to  effect  deflocculation  and  to  maintain 
the  deaggregated  particles  in  the  dispersed  state.  Carbon  black, 
like  graphite,  is  difficult  to  oxidize.  Unlike  coal,  it  has  no 
volatile  materials  that  are  released  as  the  temperature  of  the 
mass  is  increased,  which  helps  to  sustain  combustion.  However,  it 
has  been  found,  according  to  the  literature,  that  there  are  vari¬ 
ous  materials  that  have  been  demonstrated  to  lower  the  ignition 
temperature  and  increase  the  rate  of  oxidation. 

Literature  on  the  preparation  of  carbon  dispersions  sug¬ 
gested  the  use  of  a  basic  nitrogen-containing  surfactant  to 
deflocculate  the  particles  and  the  use  of  a  calcium  or  barium 
petroleum  sulfonate  as  the  dispersant.  A  succinimide  oligomer 
manufactured  by  Edwin  Cooper  was  chosen  as  the  deflocculating 
agent.  The  petroleum  sulfonate  was  supplied  by  Witco  as  the 
calcium  salt.  The  literature  also  reports  that  the  natural 
resin,  Gilsonite,  is  highly  effective  in  reducing  the  viscosity 
of  carbon  black  dispersions.  Gilsonite  (Zeco  11-4)  was  obtained 
from  the  Ziegler  Chemical  and  Mineral  Company.  The  catalyst  con¬ 
sisted  of  a  soluble  lead  compound  furnished  by  the  Mooney 
Chemical  Company  as  lead  neodecanoate  or  methylcyclopentadienyl 
manganese  (MMT)  supplied  by  the  Ethyl  Corporation. 

No  attempt  was  made  to  optimize  the  additive  package  because 
of  time  limitations.  The  formulated  dispersion  did  have  the 
viscosity  characteristics  desired  for  fuel  handling  and  atomiza¬ 
tion  and  sufficient  short-term  stability  to  maintain  a  uniform 
dispersion  during  the  duration  of  the  combustion  tests.  Further 
development  work  will  be  required  to  obtain  long-term  stability 
of  the  dispersions. 
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(2)  Slurry  Preparation 


Slurries  were  prepared  by  making  a  premix  (carbon  black, 
jp-10,  and  surfactants)  utilizing  a  Premier  Mill  high-speed 
laboratory  dispersator,  operating  at  15,000  rpm.  A  weighed  quan¬ 
tity  of  JP-10  plus  additives  was  placed  in  a  stainless  steel 
vessel  and  the  carbon  black  added  in  increments  until  the 
required  solids  level  had  been  reached.  Deflocculation  of  carbon 
particles  was  achieved  by  the  selection  of  proper  additives, 
coupled  with  mechanical  shear. 

The  final  step  in  the  slurry  preparation  was  that  of  ball 
milling  or  grinding  in  a  continuous  media  mill.  The  ball  mill 
utilized  1.9-cm  steel  balls  in  a  ceramic  jar,  and  milling  was 
allowed  to  proceed  for  16  hours.  The  media  mill  (sometimes 
called  a  sand  mill)  utilized  1-  to  3-mm  zirconium  beads. 
Residence  time  in  the  mill  was  20  minutes,  obtained  by  recycling 
the  slurry  a  total  of  four  passes. 

(3)  Slurry  Characterization 

Solids  content  of  the  slurries  was  determined  gravi- 
metrically.  A  weighed  sample  of  the  slurry  was  placed  in  an  air 
oven  for  16  hours  at  398K  and  the  weighed  residue  represents  the 
carbon  content  of  the  slurry  plus  the  nonvolatile  additives.  A 
correction  was  therefore  made  for  the  additives  considered  to  be 
nonvolatile  in  calculating  the  carbon  content  of  the  slurry. 

Both  the  Brookfield  viscometer  and  the  Haake  precision 
rotating  cylinder  viscometer  were  utilized  in  measuring  the  flow 
characteristics  of  the  slurries.  The  Brookfield  was  operated  at 
ambient  temperature.  The  Haake  viscometer  was  operated  at  con¬ 
trolled  temperature. 

Slurry  density  was  measured  utilizing  a  pycnometer  or  a 
Mettler  density  meter. 
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Heats  of  combustion  were  obtained  in  a  Parr  calorimeter 


according  to  ASTM  Test  Method  D240-76. 

The  use  of  the  scanning  electron  microscope  (SEM)  to  deter¬ 
mine  the  degree  of  carbon  particle  deflocculation  was  found  to  be 
unsatisfactory.  The  diluted  dispersions  reagglomerated  during 
preparation  of  the  sample  for  the  SCM. 

(4)  Slurries  Submitted  for  Burning  Tests 

Table  1  tabulates  the  carbon  slurries  consisting  of  MT  black 
dispersed  in  JP-10  that  were  supplied  by  Suntech  for  burning  in 
various  combustion  rigs.  Table  2  tabulates  the  properties  of 
these  slurries.  Figure  2  is  a  plot  of  the  shear  stress  as  a  func¬ 
tion  of  the  shear  rate  for  a  slurry  of  50-percent  MT  black  in 
JP-10  at  ambient  temperature.  The  flow  behavior  appears  to  be 
Newtonian.  In  Figure  3,  an  ASTM  Viscosity  Temperature  Chart  has 
been  used  to  plot  the  viscosity  of  a  50-percent  slurry  as  a  func¬ 
tion  of  temperature.  Extrapolation,  which  may  not  be  val^, 
yields  a  viscosity  of  700  cP  at  219K. 

c.  Slurry  Development  Program 

Concurrent  with  the  program  to  furnish  carbon-slurry  fuel 
for  burning  in  various  test  rigs  and  finally  in  a  turbine  engine, 
Suntech  also  engaged  in  a  slurry-fuel  development  program.  The 
objective  of  the  development  program  was  to  identify  those  para¬ 
meters  that  influence  the  rheological  properties  of  carbon 
slurries  so  that  a  transportable  fuel,  meeting  the  target  heat  of 
combustion  of  180,000  BTU/gallon,  could  be  formulated  and 
utilized  in  future  programs. 
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TABLE 


Calculated  or  estimated 


SHEAR  STRESS,  DYNES /CM 


KINEMATIC  VISCOSITY,  CENTI STOKES 


(1)  Formulations  with  Varied  Additive  Package  Components 

The  baseline  slurry  fuel  contained  three  components.  Com¬ 
ponent  A  is  designated  as  the  deflocculant  (Hitec  E645) ,  Com¬ 
ponent  B  is  designated  as  a  dispersant  (Petronate  25-C) ,  and  Com¬ 
ponent  C  is  designated  as  responsible  for  reducing  the  viscosity 
(Gilsonite).  These  materials  were  utilized  in  the  ratio 
A:B:C  =  1:1:1  with  each  component  added  at  the  two-percent  level 
with  respect  to  the  concentration  of  black.  In  order  to 
determine  the  function  of  the  components  of  the  additive  package 
and  to  arrive  at  an  improved  formulation,  a  series  of  some  thirty 
slurries  of  MT  black  at  the  50-percent  level  in  JP-10  were  pre¬ 
pared  in  which  the  additives  were  varied  over  a  wide  range. 

The  slurries  were  prepared  utilizing  the  high-speed  stirrer 
only,  omitting  the  use  of  the  media  mill.  This  was  done  since 
screening  experiments  demonstrated  that  there  was  no  change  in 
the  Brookfield  viscosity  for  those  slurries  processed  in  the 
media  mill,  in  addition  to  60  minutes  of  shear  in  the  high-speed 
stirrer.  This  does  not  mean  that  there  is  no  further  reduction 
in  particle  agglomeration  in  the  media  mill,  only  that  the  Brook¬ 
field  viscosity  is  not  affected. 

(2)  The  Use  of  the  Brookfield  Viscometer  to  Characterize 

Slurries 

The  Brookfield  viscometer  was  utilized  to  characterize  all 
slurries.  Measurement  was  made  at  ambient  temperature  in  con¬ 
tainers  where  the  diameter  of  the  container  was  large  compared  to 
the  diameter  of  the  spindle. 

The  Brookfield  viscometer  operates  at  very  low  rates  of 
shear,  and  the  shear  strain  is  of  the  order  of  5  sec-1  at  the 
highest  shear  rate,  which  is  at  60  rpm.  The  low  rate  of  shear  is 
a  consequence  of  the  fact  that  the  radius  of  the  rotating  spindle 
is  small  compared  to  the  radius  of  the  container  in  which  the 


measurements  are  made.  However,  for  the  purpose  of  this  program, 
this  low  shear  strain  was  very  useful  in  that  it  allowed  weak- 
bridged  carbon  structures  in  the  dispersion — formed  as  a  result 
of  particle  interaction — to  be  identified,  and  their  magnitude 
estimated . 

All  dispersions  examined  in  this  study  were  pseudoplastic 
with  a  yield  point.  It  was  found  that  the  torque  read  on  the 
Brookfield  viscometer  increased  with  the  shear  rate  according  to 
the  following  equation: 

f  =  a(l  +  rpm)k  (1] 

where  f  is  the  torque  in  scale  units,  rpm  is  the  rate  of  rotation 
of  the  spindle  and  a  and  b  are  constants.  Equation  (1)  can  be 
written 


log  f  *  log  a  +  b  log  (1  +  rpm)  (2) 


where  a  is  the  intercept  and  b  the  slope  of  the  line  obtained  by 
plotting  log  f  against  log  (1  +  rpm)  .  The  extent  to  which  the 
data  fit  Equation  (2)  is  demonstrated  in  Figure  4  for  several 
dispersions.  If  the  fluid  has  no  structure,  log  a  will  be  small, 
and  b  will  be  unity — i.e.,  a  Newtonian  fluid.  The  value  of  a  is 
the  "yield  point"  and  represents  the  extent  of  the  structure  at 
rest.  The  value  of  b  is  an  indication  of  how  easily  the  structure 
is  broken  down  under  shear.  The  lower  the  value  of  b,  the  less 
stable  the  structure.  A  third  quantity  of  interest  is  the  appar¬ 
ent  viscosity,  V ' ,  defined  as: 


7J1 


G 


(3) 


where  f^  is  the  measured  torque  at  a  given  rpm,  and  the  con¬ 
stant  G  is  used  to  convert  the  readings  to  centipoise.  For  the 
instrument  used,  the  value  of  G  was  determined  to  be  50  for 
spindle  No  1,  250  for  spindle  No.  2,  and  1000  for  spindle  No.  3. 
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TORQUE  -  SCALE  READING 
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Figure  4.  Torque  and  Speed  Relationships  for  Determining 
Brookfield  Viscosity. 
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The  apparent  viscosity  will  increase  at  a  constant  carbon  loading 
as  the  structure  and  degree  of  particle  flocculation  in  the 
dispersion  increases  due  to  immobilization  of  the  liquid  in 
particulate  networks. 


The  dispersion  may  conveniently  be  ranked  by  combining,  V , 
a,  and  b  to  yield  a  "figure  of  merit"  defined  as: 


M  =  Slope _ 

viscosity  x  yield  point 


b 

T?'  x  a 


x  103 


(4) 


d.  Results  of  Components  of  the  Additive  Packages  on 
Rheological  Properties  of  Slurries. 


All  data  collected  on  the  effect  of  the  components  studied 
to  deflocculate  and  disperse  the  carbon  black  in  JP-10  are  sum¬ 
marized  in  Table  3  utilizing  the  procedures  discussed  in  the  pre¬ 
vious  paragraph. 


The  values  listed  in  Table  3  demonstrate  that  Component  B, 
the  calcium  sulfomate  (Witco  Petronate  25C)  ,  is  not  necessary 
in  the  formulation  and  is,  in  fact,  detrimental.  Also,  it  will 
be  found  that  Component  C,  the  Gilsonite  Zeco  11A,  is  not  as 
effective  as  Component  A,  the  polymeric  succinimide  (Cooper  Hitec 
E-645)  ,  on  an  equal  weight  basis.  Accordingly,  the  best  formula¬ 
tion  of  those  examined  to  effect  deflocculation  is  a  nitrogen- 
containing  material  such  as  Cooper  Hitec  E-645  or  Lubrizol  2153. 

There  remains  to  be  determined  the  minimum  level  of  additive 
to  obtain  the  maximum  degree  of  deflocculation  in  MT  black.  This 
can  be  accomplished  by  examining  the  effect  of  the  concentration 
of  Component  A  on  the  value  of  v' ,  a,  and  b.  Figure  5  demon¬ 
strates  that  the  viscosity  decreases  (the  fluidity  increases) 
with  the  amount  of  Component  A  added,  leveling  off  at  a  concen¬ 
tration  >3  percent.  Figure  6  is  a  plot  of  the  "yield  points"  a, 
as  a  function  of  concentration,  and  Figure  7  is  a  plot  of  the 
torque-rpm  slope  b  as  a  function  of  concentration  of  Component  A. 
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Figure  5.  Fluidity  as  a  Function  of  Percent  MT 
Black. 
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Both  a  and  b  appear  to  show  distinct  break  points  at  a  2-percent 
concentration  level.  It  is  likely  that  at  this  level,  the  MT 
black  has  become  saturated  with  adsorbed  polymeric  succinimide. 
Therefore,  three  to  five  percent  of  Component  A,  based  on  concen¬ 
tration  of  MT  black  in  the  dispersion,  is  sufficient  to  give  the 
maximum  degree  of  particle  deflocculation  consistent  with  the 
amount  of  shear  energy  applied  in  the  mixing  process.  Note  that 
this  data  applies  to  Cooper  Hitec  E-645  only  and  does  not  rule 
out  the  possibility  that  more  efficient  compounds  may  be  identi¬ 
fied. 


Finally,  in  Figure  8  "figure  of  merit",  M,  is  plotted  as  a 
function  of  additive  concentration  for  three  systems.  This  data 
again  demonstrates  that  Component  A  is  most  effective  and  that 
the  three-component  system  used  to  prepare  the  slurry  for  demon¬ 
stration  of  burning  efficiency  was  a  good  first  choice,  although 
not  necessarily  the  optimum. 

2.  Fuel  Droplet  Measurements 

A  subcontract  was  issued  to  Pennsylvania  State  University  to 
conduct  carbon-slurry  fuel  droplet  evaporation/combustion  char¬ 
acteristics.  This  work  was  conducted  under  the  direction  of  Pro¬ 
fessor  G.  M.  Faeth  assisted  by  Mr.  G.  A  Szekely  Jr.  The  studies 
utilized  JP-10  as  a  baseline  since  that  is  the  carrier  fuel 
utilized  in  the  slurry  samples  formulated  to  date.  In  addition, 
JP-10  was  used  for  the  carbon-slurry  formulation  samples  identi¬ 
cal  to  those  delivered  by  Suntech  under  subcontract  to  AiResearch 
for  combustion  evaluation. 

a.  Fuel  Droplet  Measurement  Background 

The  carbon-slurry  fuel  samples  evaluated  consisted  of  a 
medium  thermal  carbon  black  with  JP-10  as  the  liquid  carrier 
fuel.  The  properties  of  the  three  fuels  considered  during  this 
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study  are  summarized  in  Table  4.  As  a  baseline,  pure  JP-10  was  ! 

i 

studied.  Two  slurry  fuels  were  also  examined  with  weight  per- 

i 

centages  for  carbon  of  approximately  50  percent.  One  of  these  * 

slurries  incorporated  a  catalyst  to  facilitate  the  reaction  of  ? 

the  carbon  (Ref.  1) .  The  ultimate  carbon  particle  size  in  both 
cases  was  0.3  /tm.  Other  properties  of  the  slurry  fuels  are  dis-  t 

cussed  in  Ref.  2. 

Slurries  have  not  been  widely  used  in  the  past,  and  the 
existing  literature  on  their  combustion  characteristics  is 
limited.  A  recent  paper  by  Law,  et  al.  (Ref.  3)  reports  some 
results  on  the  combustion  characteristics  of  single  supported 
slurry  droplets.  Combustion  was  undertaken  in  still  air  under 
natural  convection  conditions.  The  slurry  consisted  of  dried, 

200  mesh,  coal  powder  (coal  type  unidentified)  in  No.  2  heating 
oil.  The  droplets  were  supported  from  a  small  probe  (initial 
drop  diameters  of  850  to  1250  fim)  and  ignited.  The  initial  com¬ 
bustion  process  was  fueled  by  the  liquid.  As  the  liquid  con¬ 
tinued  to  evaporate,  small  masses  of  material  (presumably  con¬ 
taining  coal  particles)  were  intermittently  ejected  from  the 
probe.  After  all  the  oil  had  vaporized,  the  flame  extinguished, 
leaving  an  irregularly  shaped  agglomerate  of  coal  particles  on 
the  support.  The  mass  of  material  remaining  on  the  probe 
increased  as  the  initial  percentage  of  coal  in  the  slurry  was 
increased.  For  initial  coal  weight  percentages  greater  than  15 
to  20  percent,  the  mass  of  the  coal  agglomerate  remaining  after 
extinction  reached  70  to  80  percent  of  the  initial  mass  of  coal 
in  the  drop. 

T]  R.  S.  Stearns,  personal  communication,  June  20,  1979. 

2.  T.  W.  Bruce,  H.  C.  Mongia,  R.  S.  Stearns,  L.  W.  Hall  and 
G.  M.  Faeth,  "Formulation  Properties  and  Combustion  of 
Carbon-Slurry  Fuels,"  Sixteenth  JANNAF  Combustion  Meeting, 

Naval  Postgraduate  School,  Monterey,  CA,  September,  1979. 

3.  C.  K.  Law,  C.  H.  Lee  and  N.  Srinivasan,  "Combustion  Charac¬ 
teristics  of  Water-in-Oil  Emulsions  and  Coal-Oil  Mixtures," 

Paper  No.  38,  1978  Fall  Technical  Meeting,  Eastern  Section  ' 

of  the  Combustion  Institute,  Miami  Beach,  Florida,  November,  . 

1978.  t 


26 


TABLE  4.  PROPERTIES  OF  TEST  FUELS1 


Base 

Fuel 

Noncatalyzed 

Slurry 

Catalyzed 

Slurry2 

Designation 

- 

790-928 

790-942 

Liquid 

JP-10 

JP-10 

JP-10 

3 

Dispersed  Carbon 
(wt.  %) 

- 

50.4 

49.2 

1All  fuels  supplied  by  R.  S.  Stearns,  Suntech,  Inc., 

P.  0.  Box  1135,  Marcus  Hook,  PA  19061. 

2 

The  catalyst  is  a  proprietary  lead  compound  [1], 

3The  dispersed  carbon  is  a  medium  thermal  carbon  (MT  black) 
having  an  ultimate  particle  size  of  0.3  /m.  Further 
properties  of  this  material  are  provided  in  Ref.  2. 
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Based  on  existing  information  on  coal  combustion  (Refer¬ 
ence  4  through  8) ,  it  is  likely  that  persistent  combustion  of  a 
coal  slurry  droplet  in  air  involves  three  major  processes:  (1) 
evaporation  and  combustion  of  the  liquid  fuel,  (2)  devolatiliza¬ 
tion  of  the  coal  with  subsequent  oxidation,  and  (3)  reaction  of 
the  remaining  solid  carbon/ash  particle.  In  contrast,  the 
present  slurry  fuels  employ  carbon  black  as  the  solid  phase  and  a 
devolatilization  stage  is  not  expected.  Judging  from  the  results 
of  Ref.  3,  carbon  levels  in  the  present  test  slurries  are  suf¬ 
ficiently  high  to  result  in  significant  agglomeration. 

The  investigation  described  herein  involved  a  brief  pre¬ 
liminary  study  of  the  combustion  characteristics  of  the  fuels 
listed  in  Table  4.  The  experimental  method  involved  observing 
the  combustion  of  single  supported  fuel  droplets,  in  both  still 
air  and  in  a  turbulent  diffusion  flame.  The  latter  condition  was 
examined  in  order  to  better  simulate  the  local  environment  of 
droplets  within  a  combustion  chamber.  Similar  to  the  results  for 
coal  slurries  (Ref.  3),  agglomerates  remained  on  the  drop  support 
following  combustion.  The  structure  of  these  agglomerates  was 
studied  using  a  scanning  electron  microscope  (SEM) .  Combusting 
droplets  were  also  observed  using  dark  field  and  shadowgraph 
motion  pictures.  These  data  were  reduced  to  yield  particle 
diameter  as  a  function  of  time  and  burning  rates. 

4.  J.  L.  Krazinski,  R.  0.  Buckius,  and  H.  Krier,  "Coal  Dust 
Flames:  A  Review  and  Development  of  a  Model  for  Flame 
Propagation,"  Prog.  Energy  Combust.  Sci.  5,  31,  1979. 

5.  M.  F.  R.  Mulcahy,  I.  W.  Smith,  Rev.  Pure  Appl.  Chem. 

19,  81,  1969. 

6.  P.  L.  Walker,  F.  Rusinko,  L.  G.  Austin,  Adv.  Catal.  11, 

134,  1959. 

7.  D.  Gray,  J.  G.  Cogoli,  R.  H.  Essenhigh,  Adv.  Chem.  Ser., 
No.  131,  p.  72,  1973. 

8.  M.  A.  Field,  D.  W.  Gill,  B.  B.  Morgan,  and  P.  G.  W.  Hawksley, 
"Combustion  of  Pulverized  Coal,"  BCURA  Leatherhead,  Cherey 
and  Sons,  LTd. ,  Banbury,  England,  1967. 


b.  Fuel  Droplet  Experimental  Program  Description 
(1)  Apparatus 

The  test  apparatus  involved  modification  of  an  earlier 
arrangement  employed  for  a  study  of  gas  and  spray  diffusion 
flames  (References  9  through  11)  .  A  sketch  of  the  apparatus 
appears  in  Figure  9.  The  arrangement  consists  of  an  injector 
flowing  propane  gas,  which  is  burned  as  a  diffusion  flame  in 
stagnant  room  air.  The  test  droplet  is  supported  from  a  probe  at 
various  locations  in  the  flame  and  photographed  with  a  motion 
picture  camera. 

The  gas  injector  was  positioned  near  the  bottom  of  the  test 

stand  and  oriented  vertically  upward.  The  test  stand  has  an  area 
2 

1.44-m  square  and  3.0-m  high  enclosed  with  a  single  thickness  of 
16-mesh  screen.  The  test  stand  was  located  within  a  room  having 
dimensions  4  m  x  7  m  x  4-m  high.  Combustion  products  were  removed 
through  an  exhaust  fan  located  near  the  ceiling  of  the  test  cell. 
The  injector  was  seated  on  a  support  that  allowed  a  vertical 
movement  of  1.2  m.  Two  traversing  mechanisms  were  used  to 
position  the  nozzle  in  the  horizontal  plane. 

The  nozzle  was  a  full-cone  air  atomizing  injector,  with  no 
swirl,  manufactured  by  the  Spray  Systems  Company  (model  1/4  J 
2050  fluid  nozzle  and  model  67147  air  nozzle) .  The  outlet 
diameter  of  the  nozzle  was  1.194  mm. 


9.  C-P.  Mao,  G.  A.  Szekely,  Jr.  and  G.  M.  Faeth,  "Evaluation 
of  a  Locally  Homogeneous  Model  of  Spray  Combustion,"  NASA 
CR-3202,  November,  1979. 

10.  A.  J.  Shearer  and  G.  M.  Faeth,  "Evaluation  of  a  Locally 
Homogeneous  Model  of  Spray  Evaporation,"  NASA  CR-3198, 
October,  1979. 

11.  A.  J.  Shearer,  H.  Tamura  and  G.  M.  Faeth,  "Evaluation  of  a 
Locally  Homogeneous  Flow  Model  of  Spray  Evaporation,"  A1AA 
J.  Energy,  in  press. 
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Figure  9.  Test  Apparatus  Sch 


The  gas  flame  was  stabilized  near  the  exit  of  the  injector 
using  an  array  of  four  hydrogen  capillary  flames.  The  flame 
tubes  were  mounted  in  a  symmetrically  opposed  pattern  injecting 
toward  the  centerline  of  the  injector  passage.  The  flow  passages 
for  the  hydrogen  were  slots  0.4-mm  wide  and  2.0-mm  long,  with  the 
long  axis  parallel  to  the  injector  centerline.  The  lower  edges 
of  the  slots  were  1.8-mm  above  the  face  of  the  injector.  The  exit 
planes  of  the  slots  were  6.4-mm  apart. 

The  propane  gas  flow  rate  was  metered  with  a  Matheson 
model  604  rotameter  and  controlled  by  a  Harris  model  25-15  pres¬ 
sure  regulator  with  an  output  capacity  of  0  to  0.69  MPa.  The 
flow  rate  of  the  hydrogen  gas  was  metered  with  a  Matheson  model 
601  rotameter  and  controlled  with  a  Matheson  model  1H  pressure 
regulator  having  a  0  to  1.38  MPa  output  capacity.  The  rotameters 
for  both  the  propane  and  hydrogen  flows  were  calibrated  with  a 
Precision  Scientific  Company  wet-test  meter  (283  ml/rev). 

The  fuel  droplets  were  mounted  on  quartz  fibers  with 
slightly  enlarged  ends  to  help  support  the  drop.  The  fibers  were 
mounted  in  turn  on  a  metal  bracket  that  extended  into  the  flame. 

The  droplets  were  mounted  on  the  fiber  with  a  hypodermic 
needle.  The  flame  was  deflected  from  the  mount  region  until  the 
droplet  was  in  place.  The  deflector  was  constructed  from  a  200  x 
305-mm  sheet  of  stainless  steel,  having  a  thickness  of  3  mm.  The 
droplet  combustion  process  was  initiated  by  removing  the 
deflector  with  a  pneumatic  cylinder  arrangement. 

(2)  Instrumentation 

(a)  Droplet  Environment  Measurements 

The  droplet  environment  at  each  test  location  within  the 
flame  was  characterized.  This  involved  measurements  of  mean 
velocity,  temperature,  and  composition. 


Velocities  were  measured  with  a  single-channel  laser  Doppler 
anemometer  (LDA) .  The  instrument  employs  a  Spectra  Physics, 
model  125A,  50-mW  helium-neon  laser.  The  remaining  components 
are  manufactured  by  Thermo-Systems,  Inc.  The  LDA  was  operated  in 
the  dual  beam  forward  scatter  mode.  The  sending  and  receiving 
optics  had  a  focal  length  of  241  mm  with  an  11.6-degree  angle 
between  the  beams.  The  aperature  diameter  of  the  photodetector 
was  0.256-mm.  The  signal  was  focused  on  the  photodetector  with  a 
200-mm  lens.  This  produced  an  ellipsoidal  measuring  volume 
3.0  mm  in  length  with  a  diameter  of  0.31  mm.  A  frequency  shifter 
was  used  so  that  flow  reversals  could  be  defected.  A  bandpass 
light  filter  was  used  to  limit  the  interference  of  the  light  from 
the  flame.  The  signal  from  the  photo-detector  was  processed 
using  a  frequency  tracker  in  conjunction  with  an  integrating 
digital  voltmeter.  Further  details  of  this  arrangement  may  be 
found  in  References  9  through  11. 

The  mean  gas  temperatures  were  measured  using  a  thermocouple 
temperature  probe  manufactured  from  50  urn  diameter  platinum/ 
platinum-10-percent  Rhodium  wires,  which  were  spot-welded  onto 
750  /xm  diameter  lead  wires  of  the  same  material.  The  fine  wire 
thermocouples  were  manufactured  by  Omega  Engineering,  Inc.  The 
radiation  correction  for  this  thermocouple  was  less  than  35C  over 
the  test  range.  The  reference  junction  was  at  the  ambient  tem¬ 
perature,  shielded  from  the  flame.  An  integrating  digital  volt¬ 
meter  was  used  to  average  the  signal  over  a  two-minute  time 
period . 

Composition  of  the  flame  was  measured  by  extracting  gas 
samples  from  the  flow  at  nearly  isokinetic  conditions  using  a 
water-cooled  probe.  The  samples  were  analyzed  with  a  Perkin 
Elmer  Model  880  gas  chromatograph  using  a  hot-wire  detector. 


(b)  Droplet  Measurements 

The  droplet  combustion  process  was  observed  with  a  16-mm, 
Photosonics,  Model  16-B  motion  picture  camera.  The  camera  optics 
provided  a  2:1  magnification.  The  camera  was  powered  with  a 
Kepco,  SM  36-5  AM  dc  power  supply.  The  film  speed  was  indi¬ 
cated  with  a  timing  light  on  the  camera,  activated  with  an  Adtrol 
Electronic  pulse  generator,  model  501.  Kodak  Plus-X  reversal 
film  was  used  for  all  tests. 

Backlighting  for  shadowgraph  measurements  was  provided  by  a 
Pek,  Model  401A,  75-W  mercury  arc  lamp.  The  light  from  the  arc  was 
collimated  and  directed  toward  the  drop  location.  A  diffuser 
screen  was  employed  behind  the  drop  to  equalize  the  light  inten¬ 
sity  of  the  background.  The  background  intensity  was  adjusted  so 
that  envelope  flames  around  the  drop  could  also  be  observed. 

The  film  records  were  analyzed  on  a  frame  by  frame  basis, 
using  a  Vanguard  motion  picture  analyzer.  Photographs  of  objects 
of  known  size  at  the  droplet  location  provided  a  calibration  of 
particle  size  distances  on  the  film. 

Carbon  residue  left  on  the  probe  after  combustion  was 
examined  with  a  scanning  electron  microscope  (SEM) ,  International 
Scientific  Instruments,  Model  M-7.  Permanent  records  of  appear¬ 
ance  of  the  residue  were  obtained  with  Polaroid  film. 

(3)  Test  Conditions 

Initial  tests  with  the  slurries  involved  evaporation  and 
combustion  in  room  air.  In  this  case,  droplets  were  ignited  by 
briefly  exposing  them  to  a  flame.  This  provided  a  qualitative 
assessment  of  the  ignition  and  sustained  combustibility  of  the 
slurry  samples  with  and  without  a  combustion  catalyst. 
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The  bulk  of  the  testing  was  undertaken  at  locations  along 
the  centerline  of  the  gaseous  propane  diffusion  flame.  No 
external  ignition  source  was  employed  for  these  tests.  The 
burner  operating  conditions  are  summarized  in  Table  5.  A  photo¬ 
graph  of  the  flame  appears  in  Figure  10.  A  summary  of  mean  velo¬ 
cities,  temperatures  and  compositions  in  the  flow  is  presented  in 
paragraph  2.c.(2).  A  complete  analysis  of  this  flame  appears  in 
References  9  through  12. 

Initial  drop  sizes  were  in  the  range  500  to  5000  jim. 

TABLE  5.  BURNER  FLAME  CHARACTERISTICS . 1 


Fuel : 

Propane 

Fuel  flow  rate: 

176  mg/s 

Initial  fuel  jet  velocity: 

88.7  m/s 

Initial  fuel  jet  diameter: 

1.194  mm 

Jet  Reynolds  number : 

23600 

Orientation : 

Vertical (upward) 

Flame  Height: 

460  mm  (visual) 

Injector  Thrust: 

15.6  mN 

Hydrogen  flow  rate: 

0.126  mg/s 

Ambient  and  injector  inlet  temperature: 

296  K 

Ambient  pressure: 

97  kPa 

Nozzle  is  Spray  Systems  Co.  model  1/4J  2050  fluid  nozzle 
and  No.  67147  air  nozzle,  air  atomizing  injector. 


12.  C-P.  Mao,  G.  A.  Szekely,  Jr.  and  G.  M.  Faeth,  "Evaluation 
of  a  Locally  Homogeneous  Flow  Model  of  Spray  Combustion," 
to  be  published. 


c.  Fuel  Droplet  Experimental  Results 
(1)  Droplet  Processes  in  Air 
(a)  Observations 

The  pure  JP-10  droplet  burned  in  a  conventional  manner  for  a 
liquid  fuel.  An  envelope  flame  was  observed  around  the  droplet 
until  all  the  fuel  was  consumed.  After  an  initial  heat-up 
period,  the  square  of  the  droplet  diameter  decreased  in  a  linear 
fashion,  which  is  typical  behavior  of  supported  droplets  under 
natural  convection  conditions. 

The  initial  phase  of  combustion  of  the  noncatalyzed  slurry 
droplets  was  similar  to  that  of  pure  JP-10.  An  envelope  flame 
was  observed  around  the  droplet  and  the  droplet  diameter 
decreased.  This  phase  appeared  to  involve  the  combustion  of  the 
JP-10  in  the  slurry.  However,  after  a  time,  the  envelope  flame 
was  extinguished  and  a  black  residue  remained  on  the  probe. 
Although  gravimetric  measurements  were  not  made,  it  appeared  that 
most  of  the  original  solid  carbon  in  the  droplet  remained 
unburned . 

The  catalyzed  slurry  droplets  exhibited  the  most  interesting 
combustion  behavior  in  air.  A  typical  dark  field  motion  picture 
for  this  case  appears  in  Figure  11.  The  early  frames  clearly 
show  the  envelope  flame  around  the  droplet  persisting  for  nearly 
a  second.  After  this  flame  extinguished  little  luminousity  was 
present  for  a  period  of  2.8  seconds.  Then  the  residue  itself 
began  to  glow  indicating  reaction  of  the  carbon.  After  a  period 
of  glowing  (12.6  s,  of  which  only  the  last  2.5  s  are  shown  in  the 
figure)  the  reaction  extinguished  again,  leaving  a  carbon  resi¬ 
due. 
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Figure  11.  Dark  Field  Motion  Picture  Photographs 
of  a  Catalyzed  Slurry  Droplet  Burning 
in  Air. 


37 


The  dark  period  prior  to  glowing  probably  involved  reaction 
of  the  carbon,  causing  it  to  become  heated.  Glowing  was  observed 
where  heating  proceeded  to  a  sufficiently  high  temperature  so 
that  the  particle  emitted  significant  radiation  in  the  wavelength 
range  for  which  the  photographic  system  is  sensitive.  Thus,  the 
absence  of  glowing  is  not  necessarily  indicative  of  no  reaction, 
and  even  the  uncatalyzed  droplet  may  have  undergone  significant 
reaction. 

These  results  clearly  indicate  that  the  catalyst  has  an 
important  effect  on  the  carbon  reaction  rate.  By  increasing  the 
reactivity  of  the  carbon,  combustion  can  be  sustained  at  higher 
rates  in  spite  of  heat  losses  to  the  surroundings,  at  least  for  a 
time.  The  slow  step  in  the  reaction  process  involves  combustion 
of  the  carbon,  which  eventually  will  be  the  controlling  step  dur¬ 
ing  spray  combustion  in  a  practical  combustion  chamber. 

These  observations  indicate  that  the  overall  behavior  of  the 
present  slurry  droplets  is  qualitatively  similar  to  the  behavior 
observed  for  coal  slurries  (Ref.  3).  In  the  present  case,  how¬ 
ever,  there  was  less  disruption  of  the  particles  during  combus¬ 
tion,  probably  due  to  the  absence  of  the  volatilization  step  for 
the  solid. 

Further  insight  concerning  the  slurry  combustion  mechanism 
was  obtained  by  observing  the  residue  with  the  SEM.  As  a  base¬ 
line,  Figure  12  is  an  illustration  of  the  residue  from  a  cata¬ 
lyzed  slurry  droplet,  evaporated  in  air  without  combustion.  In 
this  case,  the  surface  of  the  agglomerate  is  very  smooth.  This 
suggests  that  the  particles  in  the  slurry  tend  to  pack  together 
in  a  close  array,  with  perhaps  the  smallest  sized  particles  more 
prevalent  at  the  surface. 
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Figure  12.  SEM  Photograph  of  Residue  Following  the 
Evaporation  of  a  Catalyzed  Slurry  Drop 
in  Air  (Top  X  50,  Bottom  x  200). 
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SEM  photographs  of  the  uncatalyzed  slurry  residue,  after 
combustion  in  air,  are  illustrated  in  Figure  13.  In  this  case, 
the  residue  appears  smooth  in  some  regions  and  rough  in  others. 
The  residue  also  appears  to  be  partly  hollow.  It  was  difficult 
to  prevent  some  disturbance  of  the  sample  while  it  was  trans¬ 
ported  and  mounted  in  the  SEM;  therefore,  the  fractured  zones  may 
be  due  to  handling  problems.  Certainly  some  areas  are  very  simi¬ 
lar  to  the  appearance  of  the  surface  when  no  reaction  occurred, 
e.g..  Figure  12.  The  rough  areas  could  be  typical  of  the  subsur¬ 
face  structure  in  cases  of  little  reaction  or  could  result  from 
consumption  of  smaller  particles. 

Figure  14  is  an  illustration  of  SEM  photographs  of  the  resi¬ 
due  of  catalyzed  slurry  droplets  following  combustion  in  air. 
This  structure  is  very  different  from  the  preceding  cases.  The 
residue  has  a  more  open  structure  and  no  smooth  regions  are 
observed.  The  reaction  of  the  solid  appears  to  extend  a  signifi¬ 
cant  distance  below  the  outermost  surface  of  the  particle.  The 
smallest  elements,  observed  at  a  magnification  of  10,000,  appear 
to  have  a  characteristic  diameter  of  approximately  0.3  ju.m,  which 
corresponds  to  the  ultimate  particle  size  of  the  slurry.  These 
subelements  are  arranged  in  groups  having  a  grape  cluster  appear¬ 
ance.  The  protuberance  visible  in  the  lower  figure  of  Figure  14 
(X  400)  has  a  diameter  of  roughly  25  jam,  which  would  be  more 
typical  of  the  residue  from  a  droplet  produced  under  combustion 
chamber  conditions.  It  is  evident  that  particles  of  this  size 
are  irregular  in  shape  and  relatively  porous. 

(b)  Burning  Rates 

Figure  15  is  an  illustration  of  the  variation  of  droplet 
diameter  as  a  function  of  time  after  ignition  in  air  for  the 
three  fuels.  The  ordinate  is  the  square  of  the  droplet  diameter, 
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Figure  13.  SEM  Photograph  of  Residue  Following  the 
Combustion  of  a  Noncatalyzed  Slurry  Drop 
in  Air  (Top  X  50,  Bottom  X  400). 


Figure  15.  Droplet  Diameter  as  a  Function  of  Time  for  Three  Fuels  Burning  in  Air 


since  the  variation  of  this  quantity  with  time  is  frequently 
linear  for  a  pure  liquid  fuel  droplet  burning  in  still  air 
(Ref.  13). 

The  particle  diameters  in  Figure  15,  typical  of  other  data 
in  this  report,  are  the  equivalent  diameter  of  an  elipsoid  having 
the  same  volume,  e.g. 

2  1/3 

D  =  (D  .  D  ) 

1  mm  max7 

where  D  is  the  reported  diameter,  and  D  and  D  .  are  the  major 

max  min  J 

and  minor  diameters  of  the  particle. 

The  slope  of  the  diameter  squared  plot  for  JP-10  is  nearly 
linear.  Some  variation  of  true  linearity  is  expected  since  JP-10 
is  a  blend,  rather  than  a  pure  hydrocarbon.  The  enhancement  of 
evaporation  rates  by  natural  convection  also  tends  to  decrease  as 
the  particle  becomes  smaller,  causing  some  curvature  in  the  plot. 

The  burning  rate  constant,  K,  is  widely  used  to  interpret 
droplet  gasification  rates.  This  parameter  is  defined  as 

_K  -  (2) 
K  dt 

2 

For  JP-10,  a  mean  burning  rate  constant  of  0.2  mm  /s  is  obtained 
for  the  data  illustrated  in  Figure  3-14.  This  is  a  typical  value 
for  hydrocarbon  combustion  in  air. 

The  slurry  droplets  also  exhibited  a  reduction  in  diameter 
in  the  region  just  after  ignition,  when  an  envelope  flame  was 
observed.  As  noted  earlier,  this  is  largely  due  to  the  combus¬ 
tion  of  JP-10.  The  apparent  burning  rate  constant  of  the  JP-10 

13.  G.  M.  Faeth,  "Current  Status  of  Droplet  and  Liquid  Combus¬ 
tion,"  Prog.  Energy  Combust.  Sci .  3,  191,  1979. 


for  the  slurries,  however,  is  less  than  the  value  obtained  for 

2 

the  pure  JP-10  droplet,  roughly  on  the  order  of  0.05  to  0.1  mm  /s. 
This  type  of  behavior  was  not  observed  for  droplets  in  the  burner 
flame,  where  initial  burning  rates  were  similar  for  both  pure 
JP-10  and  the  slurries. 

Once  the  envelope  flame  extinguished,  for  the  noncatalyzed 
slurry  droplet,  no  further  luminosity  was  observed,  and  the  parti¬ 
cle  diameter  remained  constant.  With  catalyst  present,  however, 
the  particle  glowed  after  a  dark  period,  and  then  extinguished 
again  leaving  residue.  During  the  glowing  period,  however,  there 
was  relatively  little  variation  in  the  diameter  of  the  particle. 
This  agrees  with  the  SEM  observations  where  the  structure  was 
rather  porous  following  combustion  of  a  catalyzed  slurry  droplet, 
suggesting  reaction  in  depth  rather  than  just  at  the  surface. 
The  bulk  of  the  reaction  in  the  glowing  period  is  probably  con¬ 
fined  to  the  subsurface  region  where  heat  losses  are  reduced.  As 
reaction  proceeds,  the  structure  becomes  more  porous  while  the 
outer  portions  remain  in  place.  Final  extinguishment  then 
becomes  a  complex  process  related  to  heat  losses,  oxidant  pene¬ 
tration  into  the  pores  of  the  structure,  and  perhaps  loss  of  the 
catalyst. 

(2)  Droplet  Processes  in  a  Turbulent  Flame 
(a)  Observations 

Figure  16  is  an  illustration  of  the  variation  in  mean  pro¬ 
perties  along  the  centerline  of  the  turbulent  flame  fueled  with 
gaseous  propane.  In  the  region  near  the  nozzle  exit,  gas  veloci¬ 
ties  and  the  concentrations  of  propane  are  relatively  high,  while 
the  temperature  is  low  and  oxygen  is  absent.  Moving  downstream, 
the  gas  velocity  and  concentration  of  propane  decrease  monotoni- 
cally.  The  temperature  increases  at  first,  reaching  a  maximum  at 
the  flame  tip  where  the  fuel  has  disappeared  and  combustion 
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Figure  16.  Flow  Properties  and  Slurry  Droplet 
Combustion  Regions  in  the  Turbulent 
Flame. 


product  concentrations  are  highest.  Beyond  the  tip  of  the  flame, 
the  flow  decays  with  increasing  concentrations  of  oxygen  and 
nitrogen  and  decreasing  temperatures  and  combustion  product  con¬ 
centrations  . 

The  structure  of  the  burner  flame  used  in  this  study  was 
typical  of  other  gas  and  spray  fueled  diffusion  flames  (Refs.  9, 
and  12  through  14).  The  region  near  the  injector  was  highly  fuel 
rich  and  had  a  relatively  low  temperature.  Significant  concen¬ 
trations  of  oxygen  and  high-temper ature  levels  only  appear  as  the 
turbulent  reaction  zone  is  approached. 

Droplet  behavior  varied  substantially  with  position  in  the 
flame.  Table  3-6  is  a  description  of  the  various  types  of  behav¬ 
ior  that  were  observed:  fragmentation  (F)  ,  noncombustion  (NC)  , 
full  combustion  (FC) ,  glowing  (G)  ,  and  evaporation  (E)  .  The 
regimes  are  listed  in  this  order,  which  is  the  sequence  they 
appear  with  increasing  distance  from  the  injector.  Table  7  is  a 
summary  of  the  portion  of  the  flame  where  the  various  regions 
were  observed,  for  both  the  catalyzed  and  noncatalyzed  slurries. 

The  various  droplet  burning  regimes  are  also  indicated  on 
the  lower  part  of  Figure  16.  The  observations  in  each  of  these 
regions  will  be  considered  in  turn. 

Fragmentation  Region.  This  region  is  closest  to  the  injec¬ 
tor,  involving  relatively  high  gas  velocities  and  propane  concen¬ 
trations,  moderate  combustion  product  concentrations,  virtually 
no  oxygen,  and  temperatures  from  300  to  roughly  1600K.  In  this 
region,  the  liquid  fuel  evaporated  with  no  envelope  flame  pre¬ 
sent.  A  luminous  wake  was  visible  behind  the  droplet  as  the 

14.  G.  M.  Faeth,  "Spray  Combustion  Models  —  A  Review,"  AIAA 

Paper  No.  79-0293,  1979. 
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TABLE  6.  SUMMARY  OF  SLURRY  DROP  COMBUSTION  REGIONS  IN  THE  TURBULENT  FLAME. 
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liquid  evaporated.  This  behavior  is  typical  of  a  liquid  fuel 
evaporating  in  a  high-temperature  gas  in  the  absence  of  oxygen 
(Refs.  13  and  15).  The  liquid  droplet  primarily  evaporated  with¬ 
out  combustion.  As  the  fuel  gases  became  heated,  they  decomposed 
forming  soot.  When  the  temperature  was  high  enough,  the  soot 
glowed  yielding  a  diffuse  luminous  wake. 

When  the  bulk  of  the  liquid  had  evaporated,  most  of  the  car¬ 
bon  agglomerate  was  blown  off  the  probe  in  three  to  five  large 
flakes.  The  mechanical  breakdown  of  the  agglomerate  resulted 
from  the  relatively  high  gas  velocities  in  this  region.  Fig¬ 
ure  17  is  a  SEM  photograph  of  the  residue  remaining  on  the  probe 
after  exposure  of  a  catalyzed  slurry  droplet  to  the  fragmentation 
region  of  the  flame.  The  appearance  of  the  residue  from  the  non- 
catalyzed  slurry  was  similar.  The  surface  is  very  irregular  with 
waves  frozen  into  the  structure  by  the  high  gas  velocity.  The 
surface  structure  is  similar  to  that  observed  when  these  droplets 
were  burned  in  air,  see  Figure  14.  At  higher  magnifications, 
subelements  having  a  size  comparable  to  the  ultimate  carbon  par¬ 
ticle  size,  0.3  fj. m,  were  observed.  Some  oxidation  of  the  surface 
cannot  be  precluded,  particularly  near  the  downstream  end  of  this 
zone.  The  mechanism  of  residue  reaction  in  this  region  would 
involve  oxidation  of  carbon  by  carbon  dioxide 

C  +  C02  =  2C0 

since  oxygen  concentrations  are  low.  Oxidation  is  clearly  not 
complete,  however,  many  carbon  particles  are  transported  down¬ 
stream  for  subsequent  oxidation  in  regions  of  the  flame  that  have 
higher  temperature  and  oxygen  levels  (similar  to  the  burnout  of 
soot  formed  in  the  cool  core  of  a  turbulent  flame). 

IsT  G.  M.  Faeth  and  R.  S.  Lazar,  "Fuel  Droplet  Burning  Rates  in 
a  Combustion  Gas  Environment,"  AIAA  J  9,  2165,  1971. 


Figure  17.  SEM  Photograph  of  Residue  from  a 

Catalyzed  Slurry  Drop  in  the  Fragmen¬ 
tation  Region,  x/d  =  75  (Top  X  150, 
Bottom  X  5000). 


51 


Noncombusting  Region.  This  region  was  relatively  narrow  for 
both  fuels.  It  was  located  on  the  fuel-rich  side  of  the  reaction 
zone.  Here,  velocities  and  oxygen  concentrations  were  relatively 
low,  while  temperatures  and  product  concentrations  approach  their 
maximum  values.  The  liquid  fuel  evaporated  without  an  envelope 
flame,  similar  to  behavior  in  the  fragmentation  region.  There 
was  little  flaking  of  the  residue,  however,  and  greater  amounts 
of  carbon  remained  on  the  probe.  After  the  liquid  had  evapor¬ 
ated,  a  luminous  wake  of  reduced  intensity  was  still  observed. 
This  suggests  continued  shedding  of  small  carbon  particles  that 
eventually  glowed  as  they  heated  (and  began  to  react)  in  the 
flow. 


Figure  18  is  a  SEM  photograph  of  the  surface  of  the  residue 
in  this  region.  The  residues  from  both  noncatalyzed  and  cata¬ 
lyzed  slurries  were  similar.  The  structure  is  similar  to  the 
structure  seen  in  the  fragmentation  region.  The  major  difference 
between  the  two  regimes  is  that  the  lower  velocities  did  not 
cause  the  residue  to  flake.  Rates  of  reaction  from  carbon  diox¬ 
ide  were  also  probably  somewhat  higher  although  the  rates  were 
still  relatively  low.  As  the  COj  attacked  the  structure,  the 
support  of  particles  was  weakened,  probably  causing  small  units 
to  flake  off  for  an  extended  period  of  time. 

Full  Combustion  Region.  The  full  combustion  region  had  low 
gas  velocities,  and  relatively  high  temperatures  and  high  concen¬ 
trations  of  oxygen  and  combustion  products.  An  envelope  flame 
was  observed  around  the  droplet  as  the  liquid  evaporated.  Simi¬ 
lar  to  combustion  in  air,  a  dark  period  was  observed  between  the 
time  when  the  envelope  flame  was  extinguished  and  the  residue 
began  to  glow.  The  dark  period  involved  transient  heating  of  the 
surface  from  the  low-temperature  levels  characteristic  of  liquid 
evaporation  to  the  high  temperatures  characteristic  of  carbon 
reaction.  In  contrast  to  combustion  in  air,  both  the  noncata¬ 
lyzed  and  catalyzed  slurry  residues  exhibited  glowing  in  the 
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burner  flame.  The  glowing  persisted  until  very  little  carbon 
residue  remained. 


Figure  19  shows  SEM  photographs  of  the  residue  from  a  cata¬ 
lyzed  slurry  droplet  in  this  region.  The  residue  from  the  non- 
catalyzed  slurry  was  similar.  The  structure  is  thin  and  very 
porous.  In  this  region,  the  residue  was  a  cenosphere.  This 
behavior  was  probably  the  result  of  convective  and  radiative  heat 
losses,  which  tended  to  quench  the  reaction  at  the  outer  surface. 

The  shielding  effect  of  the  outer  structure  allowed  higher  tem¬ 
perature  levels  below  the  surface  of  residue,  and  the  reaction 
completed  the  gasification  of  the  solid  within  the  interior  of 
the  partical.  The  greater  extent  of  reaction  near  the  outer 
surface  resulted  in  a  structure  that  was  less  related  to  the  j 

original  slurry  particles  than  was  the  case  for  the  region  nearer 
to  the  injector. 

Glowing  Region.  This  region  was  only  observed  for  the  cata¬ 
lyzed  slurry,  and  was  relatively  narrow.  Oxygen  concentrations 
were  relatively  high  in  this  region  (mass  fractions  in  the  range 
0.15  to  0.20)  and  temperatures  were  relatively  low  (800  to 
1000K) .  The  liquid  fuel  evaporated  with  no  envelope  flame  pre¬ 
sent  and  no  luminous  wake.  Some  time  after  the  liquid  was  gone,  2 
to  15  s  for  present  test  conditions,  the  residue  began  to  glow. 

Glowing  persisted  until  little  carbon  was  left  on  the  probe. 

The  surface  structure  of  the  residue  from  this  region  was 
similar  to  the  full  combustion  region.  SEM  photographs  of  the 
surface  appear  in  Figure  20.  The  structure  is  very  porous. 

Evaporation  Region.  The  evaporation  region  was  farthest 
from  the  injector,  where  the  flow  decays  to  approach  the  proper¬ 
ties  of  room  air.  In  this  region,  the  liquid  evaporated  leaving 
a  carbon  agglomerate.  There  was  little  evidence  of  subsequent 
reaction  of  the  agglomerate. 
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Figure  19.  SEM  Photographs  of  Residue  from  a  Catalyzed 
Slurry  Drop  in  the  Full  Combustion  Region, 
x/d  =  340  (Top  X  100,  Bottom  X  5000). 
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Figure  20.  SEM  Photographs  of  Residue  from  a  Catalyzed 
Slurry  Drop  in  the  Glowing  Region,  x/d  =  489 
(Top  X  2000,  Bottom  X  5000). 

I 
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SEM  photographs  of  the  residue  in  this  region  appear  in  Fig¬ 
ure  21.  The  surface  appears  smooth  in  some  regions  and  coarse  in 
others  (due  to  fracture  of  the  sample) .  The  appearance  is  gener¬ 
ally  similar  to  evaporation  in  air  with  little  reaction  of  the 
agglomerate,  see  Figures  12  and  13. 

Effect  of  Catalyst.  The  appearance  of  the  residue  from  both 
slurry  fuels  was  similar  in  each  region.  The  main  effect  of  the 
catalyst  was  to  extend  the  region  where  reaction  of  the  residue 
could  be  sustained.  For  example,  the  noncatalyzed  residue 
reacted  in  the  range  x/d  =  159  to  383,  while  the  catalyzed  residue 
reacted  in  the  range  x/d  =  159  to  500.  This  substantially 
increases  the  residence  time  where  reaction  of  residue  occurs  in 
the  flow.  For  example,  if  the  particles  are  small  enough  to  move 
with  the  gas  velocity,  then: 

xg 

t  =  /  dx/u  (3) 

xi 

where  xi  and  xg  are  the  beginning  and  end  of  the  reaction  region, 
tr  is  the  residence  time  in  the  reaction  zone,  x  is  distance  from 
the  injector,  and  u  is  the  gas  velocity.  Completing  the  integra¬ 
tion  of  Eq.  (3)  for  present  burner  conditions  yields  t  =  41  ms 
for  the  noncatalyzed  residue  and  t  =  76  ms  for  the  catalyzed 
slurry  —  almost  twice  as  long.  Naturally,  within  an  actual  com¬ 
bustion  chamber,  conditions  will  be  different.  It  seems  likely, 
however,  that  the  catalyzed  slurry  residue  will  react  over  a 
greater  portion  of  the  flow. 

(b)  Burning  Rates 

Data  on  the  variation  of  droplet  diameter  as  a  function  of 
time  are  examined  in  the  following  paragraphs.  The  three  main 
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combustion  regimes  are  considered:  the  fragmentation  region, 

x/d  =  75;  the  full  combustion  region,  x/d  =  340;  and  the  evapora¬ 
tion  region,  x/d  =  510.  The  flow  properties  at  each  of  these 
locations  are  summarized  in  Table  8. 

Fragmentation  Region.  Figure  22  is  an  illustration  of  the 
variation  of  droplet  diameter,  as  a  function  of  time,  for  the 
three  fuels  in  the  fragmentation  region.  The  square  of  the  drop¬ 
let  diameter  is  plotted  so  that  the  results  can  be  associated 
with  burning  or  evaporation  rates. 

The  evaporation-rate  constant  of  pure  JP-10  was  roughly 

2  2 
1  mm  /s  at  this  location,  compared  to  0.2  mm  /s  for  combustion  in 

still  air  (see  Figure  15).  The  increase  occurred  in  spite  of 

the  fact  that  the  fuel  evaporated  with  no  envelope  flame  present. 

The  reason  for  this  was  the  relatively  high  gas  velocity  at  the 

test  location,  which  increased  convection  effects. 

The  evaporation  constants  of  the  two  slurry  droplets  were 
similar  to  that  of  pure  JP-10,  in  the  early  stages  of  evapora¬ 
tion.  As  the  liquid  disappeared,  however,  the  rate  of  reduction 
of  the  particle  size  was  reduced,  due  to  the  presence  of  the 
solid.  Continued  drying  of  the  slurry,  after  a  delay  period, 
weakened  the  structure  of  the  slurry.  This  caused  flaking  off  of 
large  particles  (3  to  5  flakes)  and  an  abrupt  reduction  of  the 
diameter  of  the  residue.  The  residue  that  remained  was  similar 
for  both  the  noncatalyzed  and  catalyzed  slurries,  see  Figure  17. 

Full  Combustion  Region.  Figure  23  is  an  illustration  of  the 

variation  of  particle  diameter  with  time  for  the  three  fuels  in 

the  full  combustion  region.  The  evaporation  constants  of  the 

three  fuels  were  similar  in  the  initial  stages  of  the  process 

2 

where  evaporation  of  JP-10  dominates  (1.1  to  1.2  mm  /s) .  The 
fact  that  this  rate  was  nearly  the  same  as  in  the  blow-off  region 
at  x/d  *  75  is  fortuitous.  The  higher  oxygen  concentration  and 
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TABLE  8.  SUMMARY  OF  FLOW  PROPERTIES  AT  SELECTED  DROP  LOCATIONS. 


x/d 

75  340  510 


Gas  velocity  (m/s) 

26.6 

4.6 

3.1 

Gas  temperature  (K) 

998 

1193 

720 

Gas  composition 
(mass  fraction) 

N2 

0.57 

0.72 

0.75 

°2 

0.00 

0.12 

0.18 

CO 

0.20 

0.00 

0.00 

co2 

0.05 

0.08 

0.04 

h2° 

0.04 

0.04 

0.02 

H2 

0.03 

0.00 

0.00 

C3H8 

0.16 

0.00 

0.00 

SEM  photograph 

Fig.  3-16 

Fig.  3-18 

Fig.  3-20 

JP-10  evaporation 
rate  constant  (mm^/s)1 

1.0 

1.1  -  1.2 

0.6 

Slurry  residue  burning 
rate  constant  (mm2/s)2 

0.0 

0.45  -  0.50 

0.15 

^Essentially  the  same  for 

all  three 

fuels . 

2 

Residue  from  catalyzed  slurry  only. 
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Figure  22.  Droplet  Diameter  Variation  as  a  Function  of 
Time  for  the  Three  Fuelsin  the  Fragmentation 
Region,  x/d  =  75. 
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ambient  temperature  at  x/d  =  340  were  partly  compensated  by  the 
lower  gas  velocity. 

The  noncatalyzed  slurry  exhibited  a  glowing  period  but  was 
quenched  before  the  residue  was  completely  consumed.  In  con¬ 
trast,  the  residue  from  the  catalyzed  slurry  was  almost  com¬ 
pletely  consumed.  As  noted  earlier,  the  residue  of  both  slurries 
was  similar. 

Since  the  reaction  of  the  residue  was  not  limited  to  the 

surface,  a  burning  rate  constant  has  less  meaning.  However,  an 

apparent  burning  rate  constant  for  the  catalyzed  slurry  of  0.45 
2 

to  0.50  mm  /s  can  be  obtained  for  the  data  illustrated  in  Fig¬ 
ure  23. 

Evaporation  Region.  Figure  24  is  an  illustration  of  the 
variation  of  particle  diameter  with  time  for  the  three  fuels  in 
the  evaporation  region.  Similar  to  the  other  regions,  the  evapo¬ 
ration  rate  constant  of  the  three  fuels  was  similar  in  the  region 

2 

where  JP-10  gasification  dominates.  A  value  of  0.6  mm  /s  can  be 
extracted  from  the  data. 

Once  the  evaporation  of  JP-10  was  complete,  the  noncatalyzed 

slurry  exhibited  little  further  reaction.  In  contrast,  even 

though  glowing  was  not  observed,  the  diameter  of  the  catalyzed 

slurry  particle  continued  to  decrease.  The  apparent  burning  rate 

2 

constant  of  the  slurry  is  0.15  mm  /s  for  the  data  illustrated  in 
Figure  24.  Thus,  the  absence  of  glowing  did  not  preclude  addi¬ 
tional  reaction  of  the  residue.  It  should  be  noted,  however, 
that  the  test  location  of  Figure  23  was  close  to  the  end  of  the 
full  combustion  region  (x/d  =  500).  Further  downstream,  much 
less  reaction  of  the  catalyzed  slurry  was  observed. 
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TIME  AFTER  IGNITION  (s) 


Figure  24.  Droplet  Diameter  Variation  as  a  Function 
of  Time  for  the  Three  Fuels  in  the  Eva¬ 
poration  Region,  x/d  =  510. 


d.  Conclusions 


The  tests  reported  herein  involved  supported  droplets  in  the 
diameter  range  500  to  5000  fim,  placed  in  a  turbulent  flame  at  atmo¬ 
spheric  pressure.  The  flame  was  produced  by  a  propane  jet  issu¬ 
ing  into  stagnant  room  air.  The  radiant  environment  of  the  flame 
was  optically  thin. 

While  the  test  environment  simulated  some  aspects  of  combus¬ 
tion  chamber  conditions,  there  were  important  differences.  The 
test  droplets  were  ii.uch  larger  than  those  encountered  during  nor¬ 
mal  combustion  operation.  Radiant  losses  from  the  particles  dur¬ 
ing  these  tests  were  higher  than  would  be  encountered  in  a  com¬ 
bustor,  where  flame  radiation  is  more  significant  due  to  higher 
pressure  levels,  and  the  process  is  surrounded  by  heated  surfaces. 
Finally,  the  region  far  from  the  injector  approached  stagnant 
room  air  during  the  present  tests,  rather  than  turbine  inlet  con¬ 
ditions  for  a  combustor.  These  differences  should  be  kept  in 
mind  as  the  conclusions  of  the  present  tests  are  considered. 

The  major  conclusions  of  the  present  experimental  investiga¬ 
tion  can  be  summarized  as  follows: 

(a)  The  life  history  of  a  carbon-slurry  droplet  can  be 
broken  down  into  four  major  stages: 

(1)  Heat  up  of  the  particle  to  temperature  levels 
appropriate  for  evaporation  of  the  liquid.  Possi¬ 
ble  ignition  of  liquid  fuel  vapors. 

(2)  Evaporation,  and  possibly  combustion,  of  the 
liquid  fuel  in  a  relatively  conventional  manner 
accompanied  by  agglomeration  of  the  carbon  parti¬ 
cles  into  a  solid  residue. 


R 


(3)  Further  heating  of  the  carbon  residue  once  all  the 
liquid  has  evaporated. 

(4)  Ignition,  or  a  gradually  increasing  reaction  rate 
of  the  carbon,  followed  by  combustion  of  the  resi¬ 
due  . 

(b)  The  behavior  of  the  particles  varied  significantly 
throughout  the  flame.  The  various  combustion  regimes 
are  identified  in  Table  6.  They  are  characterized  by 
the  presence  or  absence  of  envelope  flames,  residue 
reaction,  and  residue  breakup. 

(c)  Combustion  of  the  carbon  residue  was  slow  in  comparison 
to  the  gasification  of  the  liquid  and  is  probably  the 
controlling  step  during  combustor  operation.  While 
evaporation  of  the  liquid  can  occur  everywhere  in  the 
flame,  reaction  of  the  carbon  residue  is  limited  to 
high-temperature  regions  where  oxygen  is  present.  In 
view  of  this  behavior,  it  is  probably  desirable  to 
delay  dilution  in  combustors  burning  slurries  (similar 
to  pulverized  coal  furnaces)  in  order  to  provide  more 
time  for  oxidation  of  the  residue  and  to  reduce  prema¬ 
ture  quenching. 

(d)  The  carbon  residue  broxt  up  into  smaller  fragments  in 
the  high  relative  velocity  region  near  the  injector. 
Otherwise,  most  of  the  carbon  formed  a  single  residue 
particle  whose  size  was  controlled  by  the  initial  drop¬ 
let  size.  In  this  circumstance,  the  desirability  of 
fine  atomization  for  practical  combustors  is  obvious. 

(e)  Addition  of  the  catalyst  significantly  increased  the 
size  of  the  region  of  the  flame  where  reaction  of  the 
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residue  occurred.  Catalyzed  slurry  residue  also 
reacted  more  completely. 

(f)  Following  active  carbon  combustion,  the  residue  had  an 
open  lacey  structure  indicating  that  reaction  was 
occurring  to  some  depth  in  the  particle.  The  subele¬ 
ments  of  this  structure  were  approximately  the  same 
size  as  the  ultimate  particle  size  in  the  carbon  black 
(0.3  fjL m) . 

(g)  Cenospheres  were  observed  as  carbon  residue  in  some 
cases.  It  is  postulated  that  they  resulted  from 
quenching  of  the  reaction  at  the  outer  surface  of  the 
particle,  due  to  excessive  radiative  and  convective 
heat  losses  to  the  environment. 

3.  Combustion  Evaluation  of  Slurry-Fuel  Samples 

a.  Combustion  Evaluation  Background 

The  combustion  evaluation  of  the  fuel  samples  supplied  by 
Suntech  was  conducted  by  AiResearch.  This  evaluation  consisted 
of  atmospheric-combustion  rig  testing,  pressure-combustion  rig 
testing  and  engine  testing.  All  testing  was  conducted  on  single¬ 
fuel-injector  can  combustors  because  of  their  simplicity,  economy 
of  operation,  and  availability.  Results  obtained  from  this  test¬ 
ing  will  serve  as  the  basis  for  progressing  to  annular  combustor 
configurations  in  the  future. 

The  atmospheric  rig  permitted  qualitative  assessments  to  be 
made  through  visualization  of  the  exhaust  flame  from  the  combus¬ 
tor.  Results  obtained  from  these  tests  were  used  to  define  nec¬ 
essary  combustor  modifications  for  the  demonstrator  engine  com¬ 
bustor  and  in  the  selection  of  the  best  available  fuel  formula¬ 
tion  within  the  time  constraints  of  the  program.  The  pressure 


rig  tests  were  conducted  with  the  combustion  system  from  the 
demonstrator  engine  and  yielded  quantitative  data  on  the  perform¬ 
ance  and  operation  of  the  combustor  with  both  a  baseline  JP-4 
fuel  and  the  selected  carbon-slurry  formulation.  The  engine 
testing,  conducted  on  a  ETJ131  turbocharger/turbojet,  provided  a 
demonstration  of  the  operation  of  an  engine  on  carbon  slurry  for 
approximately  a  half-hour  of  operation. 

The  results  from  the  testing  provided  preliminary  design 
criteria  for  progressing  to  an  annular  combustor  that  would  be 
capable  of  operation  on  carbon-slurry  fuel.  It  also  provided  the 
basis  for  upgrading  future  fuel  formulations  consistent  with 
ultimate  specification  goals  while  remaining  feasible  for  turbine 
engine  operation. 

b.  Atmospheric  Testing 

The  first  atmospheric  flame  visualization  test  was  conducted 
in  an  existing  125-mm  diameter  can  combustor  as  shown  in  Fig¬ 
ure  25.  The  primary  and  dilution  orifices  were  located  90.9 
and  172.1  mm,  respectively,  downstream  from  the  nozzle  face.  The 
three  cooling  orifices  were  located  at  43.7,  115.2  and  199  mm, 
respectively.  The  primary  recirculation  zone  was  established  by 
dome  louvers  (Row  No.  1)  and  primary  orifices  (Row  No.  3).  Ear¬ 
lier  spray  and  nozzle  contamination  tests  had  indicated  that  con¬ 
ventional  filming  airblast  or  pressure  atomizing  nozzles  would  be 
unsuitable  for  injecting  carbon  slurry  due  to  clogging  problems. 
Therefore,  a  low-cost  AiResearch  fuel  nozzle  with  a  single  fuel 
delivery  tube  was  used  in  all  of  the  atmospheric  tests.  The  rig 
used  for  all  the  atmospheric  testing  is  shown  installed  in  the 
test  facility  in  Figure  26. 

The  first  series  of  tests  were  conducted  at  a  low  combustor- 
inlet  temperature  of  approximately  366K  with  a  liner  pressure 
drop  equal  to  3.0  percent.  The  corresponding  combustor  airflow 
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Distance 


Row 

No. 

Type 

Orifice 

NO. 

of 

Orifices 

Orifice 

Diameter 

mm 

From 

A 

mm 

Total 

Area 

mm2 

Airflow 

Percent 

Total 

1 

Cooling 

30 

3.58 

37.34 

301.98 

7.68 

2 

Cooling 

30 

4.42 

64.26 

460.23 

11.70 

3 

Primary 

6 

11.18 

111.0 

589.01 

14.97 

4 

Cooling 

30 

4.80 

135.76 

542.87 

13.80 

5 

Dilution 

6 

14.22 

192.13 

952.88 

24.22 

6 

Cooling 

30 

4.80 

219.58 

542.87 

13.8 

7 

Cooling 

30 

4.80 

310.39 

542.87 

13.8 

NOTE: 

Fuel  Nozzle  Area  =  167 
Percent  Total  Airflow 

2 

.11  mm 
=  4.25 

Figure  25.  Baseline  Combustor  Configuration  and 
Airflow  Distribution. 


Figure  26.  Atmospheric  Combustor  Test  Rig. 
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rate  was  0.161  Kg/s.  The  combustor  reference  velocity,  residence 
time  up  to  dilution  orifices,  and  air  loading  parameter  (0 
=  W  /S1'7V  were  14  m/s  11.7  ms  and  24.2  Kg/s  ,  respec- 
tively.  The  rig  was  ignited  and  stabilized  on  JP-4  prior  to 
switch  over  to  carbon-slurry  fuel  which  was  supplied  from  a 
bladder  delivery  system. 

A  JP-4-fueled  flame  was  first  stabilized  at  an  overall  fuel/ 
air  ratio  of  0.024  before  switching  to  carbon  slurry  without 
catalyst  (Suntech  Sample  790-928).  However,  the  flame  did  not 
remain  ignited  with  carbon  slurry  even  though  the  primary  zone 
fuel/air  ratio  was  0.158.  The  corresponding  fuel/air  ratio  based 
upon  the  JP-10  contents  of  49.6  percent  was  0.0785  or  an  equival¬ 
ence  ratio  of  1.16.  This  indicated  that  in  order  to  success¬ 
fully  burn  carbon-slurry  fuel  a  higher  combustor  inlet  temper¬ 
ature  was  needed.  It  was  also  desirable  to  maintain  high  gas 
temperatures  near  the  liner  walls  to  help  burn  carbon  particles 
that  escaped  the  primary-zone  hot-gas  core.  A  carbon  buildup  on 
the  combustor  liner  surfaces  was  noted  following  the  test  without 
a  catalyst.  The  presence  of  a  catalyst  to  enhance  combustion  or 
to  lower  carbon  particle  ignition  temperature  was  considered  to 
be  necessary. 

The  second  series  of  tests  were  conducted  at  different  com¬ 
bustor  inlet  temperatures.  In  addition,  the  primary-zone-liner 
cooling  air  was  reduced  by  blocking  every  other  orifice  of  the 
dome  louvers  (Row  No.  1)  and  the  first  cooling  slot  (Row  No.  2) , 
as  indicated  in  Figure  27.  Surface  thermocouples  were  placed  at 
five  different  axial  stations  to  monitor  wall  temperatures  in 
order  to  qualitatively  correlate  wall  temperature  levels  with 
unburned  carbon  emitted  by  the  combustor.  The  measured  wall  tem¬ 
peratures  at  differenct  combustor  inlet  temperatures  with  the 
JP-4  fuel  are  presented  in  Figure  28  for  the  five  axial  stations. 
The  corresponding  data  with  the  carbon  slurry  were  not  taken  due 
to  the  limited  quantity  of  the  available  fuel  that  did  not  allow 
sufficient  time  for  recording  the  data. 
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Orifices 

Orifice 
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mm 
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A 

mm 

Total 
Area 
mm  2 

Airflow 

Percent 

Total 

1 

Cooling 

15 

3.58 

37.34 

150.99 

5.73 

2 

Cooling 

15 

4.42 

64.26 

230.11 

8.74 

3 

Primary 

6 

11.18 

111.0 

589.01 

23.37 

4 

Cooling 

15 

4.80 

135.76 

271.43 

10.31 

5 

Dilution 

6 

14.22 

192.13 

952.88 

36.19 

6 

Cooling 

15 

4.80 

219.58 

271.43 

10.31 

NOTE 

:  Fuel 

Nozzle  Area  = 

167.11  mm2 

Percent  Total  Airflow  =  6.35 


Figure  27.  Baseline  Combustor  with  Reduced  Primary  Zone 
Cooling  Air. 
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When  tested  with  the  carbon-slurry  fuel  witout  catalyst,  the 
smoke  emitted  at  a  =  617K  was  excessively  high.  This  indi¬ 
cated  the  desirability  of  using  a  catalyst  even  with  high  liner 
wall-temperature  levels.  Alternatively,  it  is  anticipated  that 
new  combustion  concepts  must  be  evaluated  wherein  enhanced  pri¬ 
mary  zone  and  intermediate  zone  residence  times  are  possible. 
However,  time  constraints  did  not  perm  t  this  to  be  done. 

The  reduced  cooling-air  conventional-combustor  configur¬ 
ation  (Figure  27)  was  subsequently  tested  with  carbon-slurry  fuel 
containing  a  lead  catalyst  with  the  carbon.  With  the  addition  of 
the  catalyst  (Suntech  Sample  790-969),  it  was  possible  to  sustain 
combustion  at  T3  =450K,  although  the  amount  of  carbon  emitted  was 
excessively  high.  In  addition,  the  flame  was  not  contained 
within  the  combustor  can.  However,  as  the  combustor  inlet  tem¬ 
perature  was  increased  to  617K  the  flame  length  was  reduced  in 
addition  to  achieving  a  reduction  in  the  smoke  levels.  At  617K, 
the  flame  barely  extended  beyond  the  combustor  exit  and  emitted 
only  small  amounts  of  smoke.  Liner  carbon  fouling  was  not 
observed.  The  conclusions  reached  from  this  test  were  as 
follows : 

o  Carbon  slurry  with  a  lead  catalyst  can  be  burned  success¬ 
fully  in  a  dome-louver  stabilized  can  combustor  at  high 
inlet  temperature  levels  of  617K  or  higher. 

o  Exhaust  smoke  was  low  and  no  carbon  fouling  was  observed. 

o  New  combustor  concepts  are  needed  for  burning  carbon  slurry 
at  low  inlet  temperatures  (around  450K) . 

In  order  to  improve  the  primary  zone  recirculation  pattern 
so  as  to  aid  in  the  ignition  of  carbon  particles,  the  baseline 
■^■nhustor  primary  orifices  (Figure  27)  were  replaced  by  tubes 
•  air  toward  the  dome  with  a  45-degree  angle,  as 


74 


shown  in  Figure  29.  The  tube  axial  location  was  not  changed  from 
the  baseline  primary  orifice  location  because  of  time  con¬ 
straints.  The  flame  with  JP-4  fuel  was  in  six  distinct  quadrants 
as  influenced  by  the  six  dome  louvers.  In  addition,  the  flame 
pockets  kept  jumping  from  one  quadrant  to  another.  It  was  hypo¬ 
thesized  that  either  the  tubes  were  located  too  close  to  the  dome 
or  the  amount  of  air  flowing  through  the  tubes  was  excessive, 
leading  to  pulsation.  Consequently,  the  tube  inlet  area  was 
reduced  by  50  percent  by  brazing  washers  at  the  inlet.  The 
resulting  combustor  (Figure  30)  gave  a  stable  flame  with  the  JP-4 
fuel.  However,  with  carbon  slurry,  the  flame  did  not  stay  ignited 
at  T^  =  450K  and  F/A  =  0.024.  As  the  burner  fuel/air  ratio  was 
increased,  it  was  possible  to  sustain  combustion,  but  excessive 
smoke  was  produced  even  at  a  F/A  =  0.04.  This  indicated  that 
more  primary  residence  time  was  needed,  which  led  to  a  Mod  IIIA 
combustor  as  shown  in  Figure  31. 

The  Mod  IIIA  combustor  was  similar  to  the  Mod  IIA  except  for  the 
location  of  the  primary  tubes.  In  order  to  afford  a  long  carbon  burn¬ 
out  time,  the  dilution  orifices  were  blocked.  This  resulted  in  the 
flame  extending  beyond  the  combustor  exit  plane.  But  it  was  hypothes¬ 
ized  that  if  dilution  orifices  were  installed,  the  flame  would  become 
contained  within  the  can.  The  Mod  IIIA  configuration  gave  a  margin¬ 
ally  stable  flame  at  T^  =  450K  and  F/A  =  0.033;  i.e.,  the  flame 
would  blow  out  occasionally.  However,  a  stable  flame  with  small 
levels  of  smoke  was  achieved  at  F/A  =  0.049.  The  flame  was  extending 
beyond  the  can  exit.  As  the  fuel/air  ratio  was  increased  to  0.0756, 
the  flame  was  larger  and  the  smoke  level  was  less. 

In  order  to  reduce  exhaust  smoke,  the  Mod  IIIB  combustor 
(Figure  32)  without  dilution  orifices  was  tested.  This  combustor 
was  similar  to  the  Mod  IIIA  except  primary  tube  air  was  reduced 
as  shown.  This  combustor  was  also  marginally  stable  like 
Mod  IIIA  at  T3  =  450K  and  F/A  =0.024.  However,  the  exhaust  smoke 
at  F/A  =  0.048  was  negligible.  At  a  still  higher  fuel/air  ratio 
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Figure  29.  Mod  HA  Combustor 
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NOTE:  Fuel  Nozzle  Area  =  167.11  mm 

Percent  Total  Airflow  =  7.21 


Figure  30.  Mod  IIB  Combustor. 
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Percent  Total  Airflow  =  4.96 


Figure  31.  Mod  IIIA  Combustor  with  Increased 
Primary  Zone  Residence  Time. 
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Figure  32.  Mod  IIIB  Combustor 


of  0.0725,  there  did  not  appear  to  be  any  difference  between 
flames  produced  by  JP-4  and  carbon  slurry.  The  objective  of  the 
atmospheric  rig  testing  was,  therefore,  achieved.  Carbon-slurry 
fuel  was  burned  with  acceptable  or  negligible  exhaust  smoke 
levels  within  a  reasonable  length. 

The  last  test  on  the  atmospheric  test  rig  was  run  with  the 
Mod  IIIB  with  the  dilution  orifices  installed.  The  objective  was 
to  demonstrate  complete  combustion  with  minimal  smoke.  The  test 
indicated  that  the  flame  was  now  contained  within  the  combustor 
can,  and  there  was  no  discernable  difference  between  JP-4  and 
carbon-slurry  flames.  This  concluded  atmospheric  rig  testing  and 
the  flame  visualization  phase  of  the  test  program.  Figure  33 
shows  the  atmospheric  rig  operating  on  carbon  slurry  fuel.  The 
information  gained  from  this  testing  was  then  factored  into  the 
next  series  of  testing,  pressure-rig  combustion  evaluation  on  the 
ETJ131  combustion  system.  Also,  fuel  combustibility  and  handling 
information  was  transmitted  to  Suntech  throughout  the  testing  for 
formulation  updating. 

c.  ETJ131  Combustor  Pressure  Rig  Testing 

The  fuel  that  was  selected  for  all  of  the  pressure-rig  testing 
and  subsequent  eng  ine  testing  was  approximately  a  50-percent  carbon, 
50-percent  JP-10  by  weight  mixture  with  a  lead  catalyst.  The  Suntech 
reference  sample  number  for  these  samples  was  790-974.  The  net  heat¬ 
ing  value  was  approximately  167,500  BTU  per  gallon. 

The  ETJ131  combustor  was  modified  to  adjust  the  primary  zone 
aerodynamics  to  accommodate  the  carbon-slurry  fuel.  The  airflow 
distribution  is  shown  in  Figure  34.  The  initial  test  configur¬ 
ation  included  a  standard  vaporizer  (ETJ131  hardware) .  The  com¬ 
bustion  system  was  installed  in  the  combustor  pressure-test 
facility  with  a  one-gallon  bladder  delivery  system  for  the 
carbon-slurry  fuel.  A  baseline  test  was  run  on  JP-4,  and  the 
hardware  was  inspected  following  the  run  to  observe  any  distress. 
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Figure  34.  Baseline  ETJ131  Combustor. 
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All  hardware  was  in  satisfactory  condition,  so  it  was  decided  to 
proceed  with  a  carbon-slurry  run.  The  combustion  system  was 
ignited  on  JP-4  and  stabilized  at  the  maximum-power  condition. 
The  fuel  delivery  was  then  transitioned  to  carbon  slurry  and  data 
recorded.  The  combustor  ran  for  approximately  3  minutes  on  the 
carbon  slurry  (the  time  needed  for  consuming  one  gallon  of  fuel) . 
The  emissions  and  efficiency  data  from  the  test  compared  to  JP-4 
data  are  shown  in  Table  9.  The  efficiency  variation  for  carbon- 
slurry  fuel  was  due  to  the  variability  introduced  into  the 
efficiency  calculation  by  unburned  carbon  from  emissions.  A 
96-percent  combustion  efficiency  was  obtained  based  upon  gaseous 
sample  only. 

TABLE  9.  INITIAL  PRESSURE-RIG  TEST  DATA  WITH 
A  VAPORIZING  NOZZLE. 


Carbon 

JP-4  Slurry 


Comb.  Efficiency  (%) 

99.7 

75-96 

HC  (gm/kg  fuel) 

0.563 

1.475 

CO  (gm/kg  fuel) 

64.944 

137.784 

NO  (gm/kg  fuel) 

3.735 

5.534 

General  operation  assessments  for  the  initial  run  on  carbon 
slurry  at  pressure  conditions  were  satisfactory.  Combustion 
stability  appeared  to  be  acceptable.  No  smoke  data  was  recorded, 
but  it  was  observed  that  smoke  was  considerably  higher  for  carbon 
slurry  than  with  JP-4.  Upon  teardown,  the  combustor  was  free  of 
carbon,  but  the  vaporizer  was  burned  through.  It  was  theorized 
that  the  mixture  was  near  stoichiometric  in  the  vicinity  of  the 
vaporizer  where  JP-10  was  reacting.  This  resulted  in  excessive 
heating  of  the  vaporizer.  It  was  decided  that  the  next  modifica¬ 
tion  was  to  incorporate  primary-zone  aerodynamic  changes  to 
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enrich  the  zone  near  the  fuel  nozzle.  In  addition,  an  airblast 
fuel  nozzle  similar  to  that  used  in  atmospheric  rig  testing  was 
installed  in  place  of  the  vaporizer  while  fabricating  a  new 
vaporizer  for  subsequent  tests. 

The  second  test  was  conducted  with  the  modified  ETJ131  com¬ 
bustor  (Mod  I)  and  an  airblast  nozzle  as  shown  in  Figure  35.  The 
test  procedure  was  the  same  as  the  first  test.  The  test  data  is 
shown  in  Table  10. 


TABLE  10.  SECOND  PRESSURE-RIG  TEST  DATA 
WITH  AIRBLAST  NOZZLE. 


JP-4 

Car  bon 
Slurry 

Comb.  Efficiency  (%) 

99.8 

75-96 

HC 

(gm/kg  fuel) 

0.662 

3.493 

CO 

(gm/kg  fuel) 

30.559 

124.460 

NO 

(gm/kg  fuel) 

4.678 

4.182 

Combustion  was  not  as  stable  during  this  run,  as  blowout 
occurred  twice  on  carbon  slurry.  upon  teardown,  no  carbon  was 
noted  in  the  combustor  liner,  but  a  heavy  buildup  was  noted  in 
the  passages  of  the  airblast  nozzle. 

The  Mod  I  combustor  was  also  run  with  a  modified  vaporizer 
design  to  alleviate  the  vaporizer  burning  problem.  This  com¬ 
bustion  system  had  emission  performance  comparable  to  the  base¬ 
line  combustor  and  also  showed  a  less  severe  vaporizer  burning 
problem.  In  view  of  the  vaporizer  structural  durability  problem, 
the  combustor  was  modified  to  make  it  more  compatible  with  the 
airblast  nozzle  and  provide  stable  combustion.  A  six-inch  com¬ 
bustor  length  was  added  to  the  intermediate  combustion  region  to 
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Figure  35.  Mod  I  Combustor  with  Low-Cost  Airblast  Atomizer. 


provide  more  residence  time  to  maximize  carbon  burnout.  This 
modification  was  necessary  because  the  ETJ131  combustor  envelope 
resulted  in  a  highly  loaded  combustor,  as  evident  from  the  follow¬ 
ing  computed  combustor  parameters: 

Heat  Release  Rate  =  2310  J/S  m^  Pa 
Loading  Parameter  =  18.26  kg/S  m 
Reference  Velocity  =  61  m/S 
Burner  Residence  Time  =  3  ms 

The  modified  combustor,  as  shown  in  Figure  36,  was  tested  both 
in  the  rig  and  the  engine.  During  these  tests,  a  known  volumetric 
quantity  of  exhaust  was  passed  through  a  filter  for  deposit  smoke 
measurements.  The  filter  was  weighed  before  and  after  the  smoke 
testing,  thus  giving  the  weight  of  carbon  particles  per  unit 
volume  of  the  exhaust.  The  measured  emissions  are  presented  in 
Table  11  for  both  JP-4  and  the  carbon-slurry  fuel. 

TABLE  3-11.  THIRD  PRESSURE-RIG  TEST  DATA  OF  MOD  II  COMBUSTOR 
WITH  AIRBLAST  NOZZLE. 


JP-4  Carbon  Slurry 


Gaseous  Combustion  Efficiency  99.84 

Percent  Carbon  Burned  —  84 

HC  (gm/kg  fuel)  0.17 

CO  (gm/kg  fuel)  38.3 

NO  (gm/kg  fuel)  7.39 


Previous  rig  testing  had  shown  that  both  JP-4  and  the  carbon- 
slurry  fuels  gave  approximately  the  same  levels  of  gaseous 
emissions.  Therefore,  in  order  to  conserve  on  the  limited  quan¬ 
tity  of  the  carbon-slurry  sample,  only  smoke  emission  data  was 
taken  during  the  carbon-slurry  test.  The  data  showed  that  at  the 
design  point,  84  percent  of  the  carbon  in  the  carbon  slurry  could 
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Figure  36.  Mod  II  Combustor  with  Low-Cost 
Airblast  Atomizer. 
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be  burned,  indicating  a  need  for  further  combustor  development 
both  in  regard  to  residence  time  and  combustor  airflow  distribu¬ 
tion  with  attendant  internal  flow-field  variations.  However, 
further  rig  testing  was  considered  beyond  the  scope  of  the 
present  program.  In  summarizing  the  ETJ131  combustor  rig 
testing,  it  was  demonstrated  that  carbon-slurry  fuels  can  be 
burned  at  the  following  flow  conditions: 

T3  =  516K  P3  =  3.79  kPa 

T.  =  1227K  W,  =  1.18  kg/S 
4  a3 

Whereas  a  99.8-percent  combustion  efficiency  was  achieved  with 
the  JP-4,  carbon  slurry  gave  a  combustion  efficiency  of 
92-percent.  Further  improvement  in  combustion  efficiency  is  con¬ 
sidered  feasible  by  modifying  the  combustion  system  and/or 
increasing  the  burner  residence  time.  The  combustion  system 
(including  fuel  nozzle,  combustor  liner,  and  transition  liner) 
did  not  show  any  discernable  carbon  fouling  tendency.  There  are 
a  number  of  development  problems,  including  fuel  delivery, 
ignition/restart,  etc.,  that  must  be  resolved  to  fully  demon¬ 
strate  feasibility  of  burning  carbon-slurry  fuel  in  a  cruise- 
missile  combustion  system.  However,  all  of  these  are  deemed  to 
be  achievable  within  normal  combustor  development,  assuming  that 
reasonable  fuel  rheological  properties  can  be  maintained. 

d.  ETJ131  Demonstrator  Engine  Testing 

The  combustor  configuration  with  airblast  fuel  nozzle 
resulting  from  the  final  pressure  rig  test  was  installed  in  the 
ETJ131  engine.  The  engine  installed  in  the  test  facility  is 
shown  in  Figure  37.  A  schematic  of  this  engine  with  a  dump  com¬ 
bustor  afterburner  is  shown  in  Figure  38.  For  testing  in  this 
program,  the  afterburner  was  not  installed.  The  engine  basically 
utilizes  a  turbocharger  for  the  compressor  and  turbine  com¬ 
ponents.  It  has  a  single-can  combustor  that  provides  an  energy 
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Figure  38.  AiResearch  Model  ETJ131  Afterburning 
Turbojet  Demonstrator  Engine. 
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source  and  thus  makes  it  an  engine.  This  engine  provided  a 
desirable  vehicle  for  the  fuel  demonstration  testing  because  of 
its  simplicity,  ease  of  modification  and  low  fuel  consumption, 
which  maximized  available  run  time  with  limited  fuel  quantities. 
The  carbon-slurry  fuel  used  throughout  was  the  same  formulation 
as  was  used  in  the  pressure-rig  testing.  The  test  procedure  was 
to  ignite  and  stabilize  at  maximum  power  on  JP-4  before  transi¬ 
tioning  to  carbon-slurry  fuel  from  a  bladder  delivery  system. 
The  nature  of  the  engine  tests  was  for  demonstration  purposes 
only,  and  limited  instrumentation  was  installed  for  obtaining 
quantitative  data. 

Two  engine  tests  were  conducted.  The  first  was  a  five- 
minute  run  (total  slurry  run  time)  to  check  out  the  engine  opera¬ 
tion  and  inspect  the  hardware  for  any  possible  distress.  The 
engine  transitioned  from  JP-4  to  carbon  slurry  at  the  maximum 
power  condition  with  no  indicated  problem  with  stability.  The 
engine  operated  satisfactorily  on  the  carbon  slurry,  although  more 
smoke  was  evident  than  with  JP-4,  presumably  due  to  the  fact  that 
the  combustion  efficiency  was  lower  than  for  JP-4  (as  evidenced 
during  pressure  rig  testing).  However,  during  hardware  inspec¬ 
tion  following  the  test,  no  carbon  buildup  on  the  combustor 
liner,  fuel  nozzle,  or  turbine  component  surfaces  was  noted. 

Following  completion  of  the  checkout  test  and  subsequent 
hardware  inspection,  the  second  engine  test  was  conducted.  The 
startup  and  fuel  switchover  procedure  was  the  same  as  for  the 
checkout  test.  Approximately  one-half  hour  was  accumulated  on 
carbon  slurry  at  the  maximum-power  condition.  Fuel  transition 
and  combustion  stability  on  the  slurry  were  stable,  and  no  prob¬ 
lems  or  excessive  temperatures  were  noted  for  the  duration  of  the 
test.  It  appears  that  the  combustion  efficiency  on  the  engine 
was  somewhat  lower  than  the  rig,  because  a  slightly  higher  fuel 
flow  was  required  for  the  engine  to  attain  equivalent  exit  tem¬ 
perature  levels.  As  with  the  case  with  the  rig,  it  is  expected 
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that  the  combustion  efficiency  could  be  raised  to  an  acceptable 
level  through  normal  development.  Again,  smoke  levels  were  greater 
for  the  carbon  slurry  than  the  JP-4,  but  this  could  be  attributed 
to  the  combustion  efficiency.  No  distress  was  noted  on  any  of  the 
combustor  nozzle  or  turbine  components. 

The  general  assessments  concluded  from  the  combustion  evaluation 
were  encouraging.  The  slurries  that  were  tested  had  rheological  pro¬ 
perties  which  were  acceptable  to  fairly  conventional  means  of  pumping 
and  atomization.  As  expected,  the  stability  aspects  of  the  fuel, 
which  were  not  intended  to  be  optimized  for  the  delivered  samples  of 
this  program,  will  need  extensive  development  to  obtain  a  high  shelf 
life  for  the  fuel.  Ignition  on  carbon  slurry  will  definitely  be  a 
challenge,  especially  for  large  passage  airblast  nozzles  which  will 
have  low  shearing  capability  at  starting  conditions  because  of  low 
AP  at  that  condition.  The  most  important  knowledge  gained  from  the 
testing  is  the  staged  burning  nature  of  the  fuel  wherein  the  JP-10 
carrier  is  burned  early  followed  by  a  much  later  reaction  of  the 
carbon.  Therefore,  future  development  will  be  required  to  optimize 
the  combustor  aerodynamics  to  accomodate  this  staged  burning  phenomena. 
Development  will  also  be  required  to  prevent  the  heavy  carbon  particles 
from  being  impinged  on  the  combustor  wall  surfaces.  It  is  believed 
that  by  successfully  addressing  these  design  criteria  that  a  combustion 
system  which  can  handle  a  carbon  slurry  fuel  and  extract  the  maximum 
amount  of  available  energy  within  practical  hardware  constraints  can  be 
achieved. 
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